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Modern diet and Stone Age physiology raise the risk of cancer. 

Now biologists have another powerful tool: manmade chromosomes. 

A new class of supernovas has upset established theory. 

The Panda's adaptation to a diet of bamboo obscured its ancestry; 

techniques of molecular biology have helped to solve the puzzle. 

© 1987 SCIENTIFIC AMERICAN, INC



© 1987 SCIENTIFIC AMERICAN, INC



Hundreds oftimes ;lI'i:!II�w:t. 
microprocessors adjust its 
for peak performance. 

Meanwhile, sensors on each 
wheel stand ready to "pump" 
the brakes faster than any race car 
driver could, to help prevent the 
wheels from locking in panic stops. 

And throughout the cockpit, 
a veritable arsenal of computer 
technology informs the driver of 
everything from the moment out
side temperatures near the freez-

to the date when 
!Pkn�r\"'n/'''' may be necessary. 

short, the 528e from 
Bavarian Motor Works would qu 
as one ofthe worlds mostadvanced 
technology centers, were its true 
calling not something even more 
profound: a civilized, four-door lux
ury sedan whose astounding tech
nology only renders it that much 
more civilized. 

As such, the new, more power
ful BMW 528e, in the words of 

Motor Trend magazine. provides driv
ers an experience akin to "piloting 
a precision aeronautical machine 
rather than a mere automobile': 

And it relegates many of the 
automobiles that are currently 
trumpeting "technology" in their 
marketing strategies to the role of 
followers. 

To these followers, the editors 
of Motor Trend have a suggestion: 
the 528e"providesa ride quality 
most manufacturers would do well 
to emulate:' 

To those in the market for a 
luxury performance sedan, we 
would suggest the choice is be

tween the BMW 528e and those 
who would do well to emulate it. 

Which is no & 
choice at all, techni- � 

cally speaking. 
THE ULTIMATE DRMNG MACHINEt' 
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Diet and Cancer 
Leonard A. Cohen 

Equipped with Stone Age physiology, U.S. citizens confront a modern 

diet. There is evidence but not proof that the result is a high risk for 

certain cancers. Now the National Research Council has recommended a 

diet with less fat and refined sugar and more fiber. Is the council right? 

Can an individual afford to wait for more definitive word? 

Helium-rich Supernovas 
J Craig Wheeler and Robert P. Harkness 

For half a century astronomers and astrophysicists have thought that 

there were two kinds of supernova: Type I, a thermonuclear explosion of 

a white-dwarf star, and Type II, a cataclysmic collapse of a red supergiant 

star. Discovery of a new supernova class and supernova 1987 A shows 

that many events combine the features of Type I and Type II. 

Artificial Chromosomes 
Andrew W Murray and Jack W Szostak 

The existence of life depends on the accurate transmission of genetic 

information. Artificial chromosomes made from the DNA of yeast cells, 

protozoa and bacterial viruses may illuminate how such transmission is 

accomplished. The chromosomes may also yield clues to the causes of 

Down syndrome and provide new tools for genetic engineering. 

Synchrotron Radiation 
Herman Winick 

Once regarded as an unwanted consequence of accelerating electrons or 

positrons to relativistic speeds in a synchrotron or storage ring, this 

radiation turns out to be valuable for research, medicine and integrated

circuit manufacture. Growing demand has led to a boomlet in storage

ring construction and progress in the underlying technology. 

The Ancestry of the Giant Panda 
Stephen J O'Brien 

Is the giant panda a descendant of the same progenitor as the 

contemporary bear? Is it more closely related to the raccoon? Or should 

the panda be assigned to a unique family of its own? Electrophoresis, 

DNA hybridization, chromosomal analysis and other techniques of 

molecular biology have defined the panda's ancestry. 
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Demons, Engines and the Second Law 
Charles H. Bennett 

According to the second law of thermodynamics, it is impossible to 

design a perpetual-motion machine that runs on the random motions of 

molecules. Yet in 187 1 James Clerk Maxwell invented a molecule-sorting 

demon who for a century has seemed to live beyond the reach of the 

law. It now appears that Maxwell's demon has been exorcised. 

Early Farming in Northwestern Europe 
John M Howell 

The archaeologist's distribution maps of Neolithic sites, formerly 

regarded as a mere clerical convenience, turn out themselves to be 

evidence. They have sharply changed the perception of how agriculture 

spread through northern Europe, and they reveal profound social 

changes that took place in the middle and late Neolithic periods. 

Modeling Tidal Power 
David A. Greenberg 

The famous tidal surges in the Bay of Fundy that sometimes send tourists 

running for their lives have long held the potential of economic power 

generation. Computer modeling of the bay and the Gulf of Maine enables 

planners and environmentalists to gauge what the impact of a tidal 

power installation might be as far away as Boston Harbor. 
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For anyone who's ever 
IBM presents personal 

Now it's easier than ever to become 
a newsmaker in business, thanks to IBM's 
new desktop publishing system. 

It's called the IBM® SolutionPac™ 
Personal Publishing System. And it 

comes complete with every
thing you need to start 

The IBM SolutionPac for Personal Publishing lets you design 
and print near typeset quality documents. 

making headlines: the hardware, soft
ware, service and support. 

Just one purchase, and you'll be on 
your way to designing and printing the 
kinds of presentations, reports and 

newsletters bound to open people's eyes. 
The Personal Publishing System is 

as easy to set up as it is to buy. All the 
components are designed to work to
gether, from the Personal Systeml2™ 
Model 30 to IBM's laser printer, the Per
sonal Pageprinter. 

We've also preloaded all the neces
sary software-including Windows;M 
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PageMaker® and PostScript® -on the 
system's hard disk All you have to do is 
turn the system on, run through the 
tutorial program and begin composing 
your thoughts. 

Because it's from IBM, you can 
transfer many of your IBM -compatible 
files directly into the Personal Publish
ing System-where you can then turn 

them into eye-catching documents. 
There's good news for IBM PC 

XT™/286 and Personal Computer AT® 
owners, too. The IBM Personal Publish
ing Option offers you everything you 
need to upgrade your PC � 
• • 

I 
_ ._ 

mto a cost-saVIng -

print shop. 
To see that 

Your newsworthy 
• 3117 Scanner transfers artwork 
Ideas are note- directly into the system. 

worthy, visit your IBM Authorized Ad
vanced Products Dealer (ask about the 
IBM Credit Card), or call your IBM 
Marketing Representative. 

For the certified dealer nearest you, 
call 1-800-447-4700, ext. 48. (In Canada, 
call 1-800-465-6600.) § : :  === ® 
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---,-

© IBM 1987. IBM and Personal Computer AT are registered trademarks, ana "Solution Pac;' 
PC XT and "Personal System/2" are trademarks, of IBM Corporation. PageMaker is a 
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LETTERS 
To the Editors: 

As an egyptologist, I was struck by 
the aerial photograph of a desert kite 
in "Gazelle Killing in Stone Age Syr
ia," by Anthony]. Legge and Peter A. 
Rowley-Conwy [SCIENTIFIC AMERICAN, 
August]. An almost identical form 
was illustrated by the ancient Egyp
tians in about 3100 B.C., on a vo
tive palette recording the conquests 
of the First Dynasty king Narmer. 
Placed above the figure of a fallen en
emy, the form is clearly intended to 
identify the tribe or people he repre
sents. The device has traditionally 
been interpreted as some kind of 
plant form. But in 1955 the Israeli ar
chaeologist Yigael Yadin pointed out 
its similarity to the shape of desert 
kites in aerial photographs. None of 
his comparative examples resembles 
the Narmer sign as closely as the 
photograph in the article does. 

Beside the "kite" man lies a second 
foe, identified by a crenellated rec
tangle that is unmistakably the plan 
of a fort or fortified town. The two 
fallen foes seem to form a group, sep
arated from the rest of the design by 
a thick horizontal line. Yadin made 
the plausible suggestion that these 
people had been defeated in military 
actions outside the Nile valley. Since 
he was most familiar with kite re
mains in northern Jordan, he as
sumed that this area had been the 
site of the conflict. It is, however, a 

Narmer paierre (Egypfian Museum, Cairo) 

very long march from Egypt. In their 
caption for the aerial photograpb the 
authors mention traces of kites in the 
Sinai. This reference suggests that. 
the Sinai is the likelier battleground, 
particularly since it shows many 
signs of Egyptian activity in the late 
fourth millennium B.C. 

Whether the two defeated foreign
ers at the bottom of the Narmer pal
ette represent regions, kingdoms or 
tribes, a fort and a kite would charac
terize them in terms of distinctly dif
ferent ways of life. When Yadin made 
his suggestion, the kite was thought 
to be a protective enclosure for the 
flocks of nomadic herdsmen. If in
stead its sole use was in large-scale 
hunts (as described in the article), it 
would seem that the Egyptians-who 
surely knew the function of some
thing they portrayed so accurately
intended to differentiate between 
fully agricultural populations in forti
fied communities and people who, 
whether nomadic or sedentary, still 
depended heavily on hunting. 

Desert hunts were a feature of life 
in ancient Egypt, and they are often 
depicted. There is a symbolic and 
sometimes sporting element in these 
scenes, as well as a considerable de
gree of pictorial license (for example, 
the captured beasts sometimes in
clude winged griffins and other imag
inary creatures). But the represen
tations clearly show that a method 
of hunting at least as important as 
tracking and the chase involved a 
large netted or fenced enclosure, 
within which the trapped animals 
were killed or captured. This con
struction is never fully portrayed. It 
has been variously interpreted as 
some kind of trap, as a holding pen in 
which to collect sparse desert fauna 
or even as a temporary game park for 
a great man's pleasure. Several fea
tures that are common to all repre
sentations of these enclosures, how
ever-the inclusion of nongame ani
mals, among them hedgehogs, the 
depiction of some animals mating or 
giving birth and the temporary ap
pearance of the structures-suggest 
that they were set up for large drives, 
conducted annually at a certain sea
son. If they were, it is likely that the 
Egyptian hunting enclosure was a 
flimsy form of desert kite. 

The depletion and ultimate extinc
tion of game animals in the des
erts adjoining ancient Egypt have 
been attributed to both desiccation 
and overhunting. In Egypt as in 
other semiarid parts of the ancient 
Near East, the human contribution 
to the impoverishment of wildlife 
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mE MERCEDES-BENZI 300 ClASS: 
T ECHNOLOGY IS ONLY OPPORTUNI1Y KNOCKING

THE SECRET IS TO OPEN mE RIGHT DOORS. 

A microchip might be able to think with 

unimaginable speed-but what does it think 

about? Computers, robots and 

laser beams might extend human 

reach-but to what end? 

The answers to such ques

tions, as delineated by the engi

neers of Mercedes-Benz, explain 

why the ambitions of the 300 Class seem to 

exceed those of other technologically intensive 

automobiles. 

Thus no microchip in a 300 Class auto

mobile thinks frivolously. One thinks about 

modulating brake pressure in a panic stop, to 

prevent skidding and preserve steering con

trol. Another, about fine-tuning engine opera

tion, seeking the ideal balance of power and 

efficiency under all conditions. Still others 

deploy a drivers-side air bag and front seat belt 

emergency tensioning retractors within milli

seconds of a major frontal impact. 

Advanced computers pretested 77 ex

perimental variations of the 300 Class multi

link independent rear suspension system. But 

only hard test driving and human feel could 

ultimately tum theoretical perfection into what 

Autorrwbile Magazine has termed "the yard

stick ... because of its nearly perfect blend of 

handling, roadholding and comfort. " 

10 1987 Mercedes-Benz of N.A., Inc .• Montvale, N.J. 

Extensive wind-tunnel testing shaped a 300 

Class body that is aerodynamically slipperier 

than even the slippery Porsche 

928. But human genius molded 

that shape into a spacious, civi

lized four-door sedan. Robots 

welded exotic steels into a light

weight yet rigid body structure. 

But the Mercedes-Benz safety philosophy de

manded that the structure also yield in a severe 

front or rear impact-absorbing kinetic energy, 

cushioning the passenger shell within. 

Synthesizing myriad diverse tech

nologies, the creators of the 300Class have 

achieved automobiles that merge 140-mph test

track performance with resolute safety-mind

edness. That blend the instant satisfaction of 

driving pleasure with the long-term satisfaction 

of durability and reliability. They gave the 300 

Class a superior automobile intelligence, in 

brief, serving the needs and well-being of 

driver and passengers as no automobile before. 

An achievement that reflects not only 

the power of technology, but the power of the 

vision that makes a Mercedes-Benz. 

Engineered like no other car in the world 
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Scientific Study Ranks 

NordIc/rack #1 
U11Phc1 In tests of exercise efficiency at a 

major university, NordicTrack burned 
more calories and provided greater 

workouts. 

Rank of Efficiency 
1. NordicTrack X-C Ski Exerciser 
2. An Exercise Bike 
3. A Rowing Machine 
4. A Shuffle-Type Ski Exerciser 

Scientific Abstract available upon request. 
NordicTrack's higher oxygen usage test 
scores show that more muscle mass is 
involved in the exercise and more calories 
are being burned. 

It's Only Logical that NordicTmck 
Would Get the Highest Scores. 

• 

NordicTrack has Inertial 
Resistance Not Available on a 
Shuffle-Type Ski Exerciser. 
Other ski exercisers use less effective fric
tional resistance with a resulting calisthenics
like feeling. NordicTrack's unique flywheel 
provides more effective inertial resistance 
for a life-like feeling of smoothness and 
continuity matched only by real skiing. 

12 

NordicTrack is More Complete 
Than an Exercise Bike 
NordicTrack adds important upper body 
exercise and more uniform leg muscle usage. 

Cross Country Skiing Is More 
Efficient Than Rowing 
NordicTrack's standing position exercises 
the lower body muscles more uniformly. 
NordicTrack's arm resistance is separately 
adjustable-allows a more ideally propor
tioned exercise. Rowing machines use only 
one resistance setting for both arms and legs. 

Burns Up To 600 Calories 
per 20 Minute Workout 
For effective weight control. 

Free Brochure, and New Video! 

800-328-5888 �kr � 
Minnesota 612-448-6987 It. ; \ 

NordIc/rack 't:�>' 
141 Jonathan Blvd. N., Chaska, MN 55318 

320K7 

WE'RE 
FIGHTING FOR 

YOUR LIFE 

American 
Heart 

Association 

may have included the all too dead
ly efficiency of desert kites. 

EDNA R. RUSSMANN . 

Associate Curator 
Department of Egyptian Art 
The Metropolitan Museum of Art 

To the Editors: 
Gus W. Van Beek, in his excellent 

article "Arches and Vaults in the An
cient Near East" [SCIENTIFIC AMERI
CAN, July]' does not mention what is 
perhaps the most fascinating aspect 
of these superb constructions: they 
are not circular arcs, as Roman and 
Renaissance arches are, but instead 
they approximate closely the funicu
lar curve (the inverted curve of a 
hanging chain), which is structurally 
ideal for a uniformly loaded vault. 
The reader can verify this by pinning 
the cover painting upside down on 
a vertical surface and suspending a 
length of watch chain or limp string 
between the ends of the span; the 
length of chain or string can be ad
justed until it hangs along the vault. 

The Romans undoubtedly used the 
less than ideal semicircular form be
cause they could more easily build 
centering (temporary support) and 
cut stone voussoirs (wedge-shaped 
blocks or bricks) for it; perhaps they 
also liked its Simpler shape. But the 
builder of pitched-brick vaults learns 
instinctively from the tactile experi
ence of construction that the semicir
cle is not the correct form and is con
siderably weaker structurally. Hav
ing built several pitched-brick vaults 
myself and with students, I can attest 
that the funicular shape emerges 
automatically, as if by magic, as one 
balances bricks against one another 
in the steeply sloping courses. 

The introduction of voussoirs was 
perhaps not as much of a technologi
cal advance as the author suggests. 
The rectangular brick with wedge
shaped mortar joints is a univer
sal, highly economical module for 
vaulting of any profile or span. The 
wedge-shaped brick does not in fact 
create a stronger structure, provided 
the mortar is as strong as the brick it
self, and the problems of manufactur
ing and handling matched sets of 
voussoirs of varying shapes for a fu
nicular vault are formidable. 

EDWARD ALLEN 

South Natick, Mass. 

(Van Beek's reply follows.) 
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To the Editors: 
. Mr. Allen is certainly correct in 

stressing the strength and ease of 
construction of pitched-brick vaults 
when they are designed on the cate
nary (or funicular) curve, and his do
it-yourself demonstration of the cate
nary using the cover painting (which 
shows the vault at Ctesiphon) is 
imaginative and welcome. Hassan 
Fathy, the most prolific builder of 
pitched-brick vaults in the 2 0th cen
tury, uses catenarian vaults exclu
sively. I shall treat this subject in 
detail in my forthcoming book on 
mud-brick construction. 

Yet it is misleading to overempha
size the use of the catenary curve in 
ancient pitched-brick vaulting. Most 
of the vaults at the Ramesseum are 
even more semicircular than the one 
that is shown in the article. Note also 
that the second preserved section of 
vaulting in the San Simeon monas
tery rises only slightly above a semi
circular curve. The majority of the 
examples of pitched-brick vaulting 
surviving from antiquity are closer 
to the semicircular than to the cate
nary curve. 

By allowing semicircular and even 
flatter vaults, voussoirs make possi
ble the construction of an upper floor 
with a minimum of weight on the 
vaults. The reason is that space be
tween vaults, or between a vertical 
wall and a vault, must be filled in with 
brick or some other device-such as 
the small, secondary air-shaft vaults 
in the San Simeon monastery-to 
support an upper floor. Vaults built 
on a catenary curve rise much higher 
than semicircular ones and therefore 
require a much more massive (and 
heavy) brick fill between vaults to 
carry an upper floor. 

As for the strength of mud-brick 
voussoir vaults, with their flatter 
curves, it may be of interest to know 
that when my colleagues and I exca
vated the preserved vault in Room B 
of the Assyrian building (dating from 
about 675 B.C.) at Tell Jemmeh, we 
found an empty space-an air pock
et-one meter wide, a little more than 
one meter long and about 35 centi
meters high under the vault. Without 
support from below, this vault bore 
the weight of successive towns built 
on top of it during the next 450 years 
and of debris layers two meters thick 
for 2 ,2 00 more years. I suspect that 
few contemporary homes and func
tional office bUildings, constructed 
with new materials and technologies, 
will equal this performance. 

Gus W. VAN BEEK 
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SO AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

NOVEMBER, 1937: "Astronomers 
often assert that what we human be
ings can see beyond the earth is only 
what the annoying earth's atmos
phere permits us to see. However, by 
going in an airplane to an altitude of 
25,000 feet (above most of the atmos
phere) and photographing the sun's 
corona during an eclipse, Major Al
bert W. Stevens, a member of the 
Hayden Planetarium-Grace Eclipse 
Expedition, has revealed for the first 
time that the solar corona is not 
merely the familiar array of finger
like streamers from the sun but a 
globular layer a million miles thick 
surrounding it." 

"In these days when everything 
gets bigger and bigger, scientific in
struments are growing too. Champi
on for size, of course, is the 200-inch 
telescope, which on a weight-for
weight basis probably exceeds by 
several times the mass of any other 
instrument intended for pure scien
tific research. Its total weight will be 
in the neighborhood of 500 tons. One 
of the closest runners-up is the 'atom 
smasher' that research engineers of 

the Westinghouse Electric & Manu
facturing Company are building at 
the company's East Pittsburgh re
search laboratories. It will stand 65 
feet high, atop a two-story building, 
and will weigh about 100 tons." 

"When soybean flour that has been 
completely freed of oil by solvent ex
traction is dissolved in water, the re
sulting solution can be whipped into 
a stiff white foam greatly resembling 
egg white. Since protein in the form 
of soy meal costs only about 1/ 10 as 
much as protein in the form of eggs 
or milk, which it resembles dieteti
cally, research has been directed to
ward its use to replace these more 
expensive foods." 

"A tireless automatic machine, 
which 'sees' better than a hawk, 
'hears' better than a hare and has 
a sense of 'touch' infinitely acute, 
has been placed in operation at a 
Ford plant for inspection of the valve 
push rods-small, accurately fin
ished engine parts. The uncanny de
vice, which utilizes photoelectric 
cells and radio amplification to work 
its wonders, inspects valve push 
rods for hardness, hidden fissures 
and accuracy of dimension." 

NOVEMBER, 1887: "The Russian 
paper Caspian gives the following in
teresting details of one of the largest 
naphtha fountains yet known, which 

Electric welding at the American Institute Fair in New York 
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has lately broken out near Baku and 
which threatens to inundate all Ba
lakhani. The naphtha, owing to the 
pressure of the gases that accompa
ny it, rises to a height of 280 feet 
to 420 feet and is carried away by 
the wind to a great distance, falling 
like fine rain at the more distant 
parts of the district, but near the 
fountain coming down in torrents 
that form rivers and streamlets. Far
ther on it falls like sleet and settles 
in a layer on all the buildings in the 
neighborhood. " 

"At a recent meeting of the geologi
cal section of the British Association, 
a report was read on the present con
dition of the experimental heading 
for the channel tunnel between Do
ver and Calais, a distance of twenty
one miles, the completion of the 
work having been forbidden by the 
English government. A hole has al
ready been bored seven feet in diam
eter, one mile and a quarter in length, 
nearly the whole of which is actually 
beneath the sea bottom. Most of the 
work was done five years ago, and as 
it has gone through a chalky forma
tion needing no lining, it has re
mained perfectly dry." 

"In these days, when dynamos and 
electric motors are everywhere met 
with, and when they are continually 
finding new fields for work, the pro
duction of a watch that is utterly un
affected by the strongest magnets 
is an improvement well worthy of 
special notice. When dynamos were 
first introduced, many watches were 
magnetized, and processes and ma
chines were invented for demagnet
izing them. Finally, the custom of 
leaving the watch outside when en
tering a room containing dynamos 
was adopted, to prevent the annoy
ance due to this trouble. A cure for 
the whole affair, however, is found 
in the invention of a Mr. C. A. Paillard 
of Geneva, Switzerland. He has ap
plied palladium to the manufacture 
of watches, using it for those parts 
that are usually constructed of steel." 

"The discovery of electrical induc
tion, and the invention based on this 
discovery, by means of which me
chanical energy is converted into 
electrical energy, has made electric 
illumination and a host of other com
mercial electrical applications possi
ble. Among these applications, one 
of the most recent and interesting 
is that of the electrical welding of 
metals, invented by Professor Elihu 
Thomson ofLynn, Mass." 
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THE AUTHORS 
LEONARD A. COHEN ("Diet and 

Cancer") studies  interactions be
twe en foods and cancer at the Naylor 
Dana Institute for Disease Prevention 
of the American Health Foundation. 
After graduation from the University 
of Wisconsin at Madison in 1960, he 
studied at Brooklyn College and the 
Sloan-Kettering Institute for Canc er  
Research and received a Ph.D. in ce l l  
biology from the City University of  
New York in 1972. The following year  
he went to the Naylor Dana Institute, 
where his research has been focused 
on the relation betwe en dietary fat 
and breast cancer ;  in 1984 he was 
made head of the se ction of nutrition
al endocrinology. Cohen serves on 
the board of scie ntific advisers of Nu
trition Action Newsletter, published 
by the Center  for Science in the Pub
l ic  Intere st. 

]. CRAIG WHEELER and ROBERT 
P. HARKNESS ("Helium-rich Superno
vas") work together in the depart
ment of astronomy at the University 
of Texas at Austin. Wheeler  is  the 
Samuel T. and Fern Yanagisawa Re
gents Professor  of Astronomy and 
chairman of the department. He got 
his B.A. (965) in physics at the Mas
sachusetts Institute of Tec hnology 
and his Ph.D. (1969), also in physics,  
from the University of Colorado. Af
ter stints at the California Institute of 
Tec hnology as a research fe llow and 
at Harvard University as an assistant 
profe ssor he j oined the faculty at 
Austin, where he became ful l  profes 
sor in 1980. Wheeler  is  the author of  
The Krone Experiment, a novel  that 
was re c e ntly published by Press
works,  Ine. Harkness  earn e d  a B. Se. 
(977) in astronomy and physics at 
University College London and a 
Ph.D. (98 1 )  in astrophysics from the 
Unive rsity of Oxford. As a postdoc
toral  fe llow at Oxford he pioneered 
numerical tec hniques for calculating 
the transfer of radiation within super
novas. At Austin, Harkness  is  associ
ated with both the astronomy depart
ment and the university's Center for 
High Pe rformance Computing as a re
se arch scientist. 

ANDREW W. MURRAY and JACK 
W. SZOSTAK ("Artificial Chromo
somes") have been constructing ar
tificial  yeast chromosomes togeth
er  since 198 2 .  Murray, who had re
ce ived his B.A. at the Unive rsity of 
Cambridge in 1978, came to Szostak's 
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laboratory at the Dana Farber Can
cer Institute and the Harvard Medical 
Sc hool as a graduate student in 1980. 
He got his Ph.D. in 1984 and worked 
with Szostak as a postdoctoral fe llow 
until 1986, when he went to the Uni
versity of California at San Francisco 
as a postdoctoral student. Szostak re
ce ived his B.Sc.  at Mc Gill  University 
in 1972, e arne d a Ph. D. from Cornell  
University in 1977 and investigated 
rec ombination in yeast as a postdoc
toral  student there. In 1979 he went 
to the Dana Farber Cancer Institute 
and the Harvard Me dical Sc hool. He 
moved to the Massachusetts General 
Hospital ' s  department of genetics in 
1984 and was made assistant profes
sor at the me dical school. 

HERMAN WINICK ("Sync hrotron 
Radiation") is  profe ssor in the ap
plie d-physics department at Stanford 
University and deputy director of the 
Stanford Sync hrotron Radiation Lab
oratory. He did undergraduate and 
graduate work at Columbia Universi
ty, where he obtain e d  his doctorate 
in high-energy physic s  in 1957. He 
held positions first at the University 
of Roche ster and then at Harvard 
University, where he worked as a 
staff scientist at the Cambridge Elec 
tron Accelerator. By 1973, when he 
left Harvard to go to Stanford, he 
was assistant dire ctor of the facility. 
The accelerator, he writes, "was also 
used (parasitic ally) as a synchrotron 
light source. I was appointed labo
ratory liaison with the synchrotron 
light use rs, to make sure they did not 
interfere with the high-energy-phys
ics  program. In the process I b e c ame 
very interested in the uses of syn
chrotron radiation. " Winick recently 
won an award from the Department 
of Energy for his development of 
high-brilliance,  high-flux be ams. 

STEPHEN]. O'BRIEN ("The Ances
try of the Giant Panda") has been in
ve stigating the subj e c t  of his article 
since he was asked to determine the 
paternity of a cub born to the cele
brated Ling-Ling of Washington's  Na
tional Zoological Park in 1 98 3. He 
had speCialized in mammalian so
matic-cel l  genet ics  and molecular ev
olution at the National Cancer Insti
tute after e arning a Ph.D. from Cor
nell Unive rsity in 197 1 .  In 1973 he 
went to the NCI'S Laboratory of Viral 
CarCinogenesis, of which he became 
chief in 1986. O'Brien is coc hairman 

of the International Committe e on 
Comparative Gene Mapping and e di
tor of the j ournal Genetic Maps, and he 
was a c oauthor of "The Cheetah in 
Genetic Peril" in the May 1986 issue.  

CHARLES H. BENNETT ("Demons, 
Engines  and the Second Law") is  a 
member of the research staff at the 
IBM Corporation 's  Thomas ]. Wat
son Research Center in Yorktown 
Heights, N.Y. After unde rgraduate 
educ ation at Brandeis University he 
re ce ived a Ph.D.  in chemical  physics  
from Harvard University in 1970. He 
worked for two years  at the Argonne 
National Laboratory and then went to 
IBM in 1972. There his continuing re
search inte rest has been in the math
ematical the ory of randomne s s  and 
the relation betwe en statistical me
chanics and the theory of c omputa
tion. Bennett  was c oauthor of "The 
Fundamental Physical Limits of Com
putation" in the july 1985 issue.  

JOHN M. HOWELL ("Early Farming 
in Northwe stern Europe ") is  a long
time student of the Neolithic period 
in Europe. He read prehistoric ar
chae ology under Stuart P iggott at the 
University of Edinburgh before un
dertaking his doctoral re s e arch at the 
Unive rsity of Oxford. Having done 
extensive fie ldwork in western and 
e astern Europe, he has broadcast on 
the arc haeology of  those regions for 
the BBC and is the author of Settle
ment and Economy in Neolithic North
ern France. Howell is honorary re
se arch fe llow in pre historic arc haeol
ogy at the Unive rsity of Liverpool, 
but "owing to the lack of university 
positions in the U. K. " he also works 
as an international tax consultant 
with a London acc ounting firm. 

DAVID A. GREENBERG ("Modeling 
Tidal Power") studies  environmental 
issues associated with tidal power fa
cilities  as a research sc ientist with 
the Canadian Department of Fisher
ies  and Oceans. He got his bachelor 's  
and master 's  degre e s  at the Universi
ty of Waterloo in Ontario in 1969 and 
1970 and earned a Ph.D. in physical 
oce anography from the University of 
Liverpool in 1975 with a thesis on the 
subj e c t  of this article .  That work has 
since been updated and expanded, 
first at the Department of Fisheries 
and Oc eans in Ottawa and, since 
1977, at the de partment 's  Be dford 
Institute of Oce anography in Dart
mouth, Nova Scotia. Greenberg's  re
c e nt interests include circulation in 
the Gulf of Maine and mec hanisms 
gene rating the Labrador Current. 
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SCI ENe E AND THE CIT I Z E 'N 
Ozone Watch 

Additional data blame the "hole" 
on industrial chemicals 

�mosPheric data from Antarc
tica c ontinue to accumulate , 

she dding light on the peculiar 
stratospheric chemistry that is  the 
probable c ause each Antarctic spring 
of the ozone "hole," a temporary de
pletion of the ozone layer in the re
gion (see "Science and the Citizen," 
August). No final proof is  likely to 
be available for years that the hole 
is  caused by c hlorofluorocarbons 
(CFC'S), manmade chemicals used as 
refrigerants and solvents.  Data re
ported in e arly September in Nature 
seem,  however, to have persuade d 
most investigators that it is easily the 
like liest  explanation. Pre liminary re
sults from new airborne me asure
me nts in Antarctica by the National 
Aeronautics  and Space Administra
tion sugge st that unusual meteorolo
gy may be implicated along with the 
unusual c hemistry. 

The question is  signific ant because 
a generalized depletion of the ozone 
layer would pose a significant threat:  
the layer prote cts human beings and 
other living organisms on the plan
et's surface from ultraviolet  radia
tion. It  has been established that ul
traviolet radiation emanating from 
the sun can sharply increase the risk 
of skin cancer. 

The ozone hole occurs inside the 
polar vortex, a large mass of air that 
remains relatively isolated over Ant
arctica during the long night of the 
polar winter and into the spring. The 
data reported in Nature by C. Bernard 
Farmer and his colle ague s at the 
Jet  Propulsion Laboratory show that 
while the ozone within the vortex 
is diminishing during the Antarctic 
springtime in September and Octo
ber, the abundance of simple chlo
rine c ompounds such as hydrogen 
c hloride and c hlorine nitrate in
creases sharply. 

Since laboratory experiments re
veal that the chlorine from such com
pounds can de stroy ozone, the JPL in
vestigators say their re sults "are en
tirely consiste nt" with the notion 
that the atmospheric chlorine com
pounds,  which come mainly from 
manufactured chlorofluoroc arbons, 
cause the depletion.  The latest NASA 
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re sults confirm that at the same time 
there are local high concentrations of 
c hlorine monoxide, which probably 
also de stroys ozone. 

The abundance of the c hlorine 
c ompounds appe ars to be correlat
ed with temperature. The JPL work
ers suggest that the c ompounds are 
trapped in some condensed form in 
polar stratospheric clouds during the 
Antarctic winter; as the sun rises dur
ing the spring and the tempe rature 
increase s ,  they are released and do 
their damage.  Hydrogen fluoride , 
whose only known source is man
made chemicals, is  also present in 
the polar vortex in e levated amounts 
in the spring. 

Joe c. Farman of the British Antarc
tic Survey,  who first described the 
ozone hole,  thinks that CFC'S rise into 
the stratosphere in equatorial lati
tudes and that the c hlorine com
pounds re sulting from their bre ak
down are then sucked down into the 
polar vortex as it  cools  during the 
Antarc tic winter. An alternative the
ory to explain the hole,  now losing 
ground, is  that it is caused by an up
welling of ozone-poor air from lower 
altitude s. Une quivocal c onfirmation 
of one or the other view will be diffi
cult to achieve be cause many c rucial 
measurements have to be made with 
light from the sun. New instruments 
are being developed that will avoid 
this limitation and so allow expand
e d  me asurements during the polar 
night.  How to make measurements in 
moving air masses during the Ant
arctic winter, when travel on the con
tinent is  impossible and balloons 
cannot be recovered, remains an un
solved problem. 

Many governments have apparent
ly decided not to wait for definitive 
proof. In September countries  that 
produce 80 percent of global CFC'S 

signed a protocol to the Vienna Con
vention for the Protection of the 
Ozone Layer. The protocol  obliges  
them to cut consumption of CFC'S 
and related ozone-de stroying com
pounds to half the 1986 levels by 
1999. There will be some margin for 
" e c onomic rationalization." Devel
oping c ountries  are given an extra 
lO-year grace period,  and targets can 
be modified. -Tim Beardsley 

Odyssey 

Dig on Ithaca seeks the dwelling 
of Homer's famed wanderer 

T he Odyssey describes the j ourney 
of the Greek chieftain Odysseus 

from the fallen city of Troy back 
to his kingdom on Ithaca.  For al
most 200 ye ars archaeologists have 
searched modern Ithaca-a 17-mile
long,  figure-eight-shaped island to 
the west of Greece-for evidence that 
Odysseus was modeled after a king 
who ruled  the island in the 13th c e n
tury B.C., during the Myc enaean peri
od. The last attempt to find his dwell
ing plac e ,  undertaken by a British 
team in the 1930's, ended as all oth
ers had-in failure. Three years ago 
Saran tis Syme onoglou of Washing
ton University in St. Louis resumed 
the quest ,  which even he  admits is 
somewhat quixotic. 

"There is  one faction of sc holars 
who say that Homer's storie s are 
myths and have no relation to re ali
ty," he remarks. "Others say there 
was a historical presence. I t  re ally is  
a matte r of faith." Symeonoglou be
lieve s that Homer, the blind poet  who 
suppose dly composed the Odyssey in 
the 8th or 9th century B.C., visited Ith
aca, and that his tale inc orporates his 
impre ssions of the island and the 
historical accounts of the island
ers. The arc haeologist contends his 
"faith that Homer de scribed some
thing real ,  not j ust imaginary," is  bol
stered by a growing body of circum
stantial evidence.  

Symeonoglou is  directing exc ava
tions on a mountain slop e ,  dotte d 
with thorn oaks and thistles, near the 
narrow middle of the island. In at 
least  three respects, he maintains ,  
t h e  site matc hes  Homer's  descrip
tions of the city ruled by Odysseus :  it  
has ample sourc e s  of underground 
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water, it c ommands a view of the en
tranc e  to the island's main harbor 
and it once held an outdoor shrine 
de dicated to the god Apollo. 

Evidence for the shrine, Syme
onoglou says, derives from sever
al sources.  In the 1930's the British 
workers, after  digging up religious 
artifacts dating from betwe en 900 
and 600 B.C, proposed that a shrine 
once stood on the site but did not as
cribe it to any particular de ity. In 
1979 Greek investigators c ombing 
through a museum in Athens came 
on more tel ltale obj e cts discovered at 
the site in the late 1800's by farmers :  
a bronze figurine of Apollo, a minia
ture bronze lyre (c ommonly associ
ated with the god) and a fragment of 
potte ry inscribed with his name. The 
final pie ce  of evidence, Symeonoglou 
says, is  a stone foundation dating 
from about 650 B.C On the basis of 
his excavations, he thinks the foun
dation was once a temple of Apollo 
built to replace the outdoor shrine. 

The oldest building uncovere d 
in Symeonoglou's exc avation date s 
from the Homeric period. Workers 
have found fragments of pottery, 
however, with the crude, hand-paint
ed drawings characteristic of the 
Mycenaean period. They have also 
discovered potsherds with designs 
characteristic of the so-c alle d proto
geometric period (from 1050 to 900 
B.C), when artisans be gan using tools 
to draw precise geometric patterns, 
and the geometric period (from 900 
to 700), when they perfected their 
methods. These findings suggest to 
Symeonoglou that the site was occu
pied continuously from the Myc enae
an period through the Homeric peri-

ITEM from a Mycenaean cup more than 

3,000 years old was found in a dig on 

Ithaca directed by Samntis Symeonoglou. 

2 2  

od. "The tradition of Odysseus was 
not invented by a poet. I t  survived 
b e c ause of this  c ontinuity." 

Symeonoglou notes that the c ity 
he is  searching for was probably a 
small one, c onsisting of several hun
dre d pe ople living on a few acres 
of land.  His exc avations, however, 
enc ompass only about 450 square 
yards; many more years of digging, 
he says, will be necessary to estab
l ish clearer links betwe en the site 
and the Odyssey. 

Peter M. Warren of the University 
of Bristol maintains that es tablishing 
a connection betwe e n  any arc haeo
logical finding and Homeric mythol"o
gy is  extremely difficult, if not impos
sible, and that the real value of such 
exc avations derive s from what they 
reveal about ancient culture s. "The 
glamour lie s in re lating this kind 
of research to the story of Odys
seus," he says, "but at the he art of 
the matter Homer has nothing to 
do with it." -John Horgan 

PHYSICAL SCIENCES 

Double-Beta Decay 

Predicted decades ago, a rare 
radioactivity is finally seen 

�ter 13 years of trial and error, 
nuclear physicists at the Uni

ve rsity of California at Irvine 
have finally observed the radioactive 
decay of an isotope of selenium. The 
wait was not long, considering that 
an atom of the isotope has only a 
50-50 chance of decaying over 
1 . 1 X 1020 ye ars, a period some 10 bil 
l ion times  longer than the e stimated 
age of the universe. The wait was 
also worthwhile. The physicists-Mi
chael  K. Moe, Alan A. Hahn and Steve 
R. Elliott-have e stablished the long
est  atomic half-life ever measure d in 
the laboratory; more important, they 
have made the first dire ct  observa
tions of an extremely rare form of ra
dioactivity predicted half a century 
ago : double-beta decay. 

Ordinary beta decay occurs when a 
neutron in the nucleus of an atom 
spontane ously changes into a pro
ton, an electron (known as a beta par
ticle) and a neutrino. The proton is re
tained in the nucleus;  the e lectron 
and the neutrino are ej ecte d. Since 
the atom gains a unit of positive 
c harge, it moves up one slot in the 
periodic table. By this process carbon 
14 (the number refers to the total 
number of protons and neutrons in 
an isotope's nucleus) gradually disin
te grate s into nitrogen 14 and tritium 
(hydrogen 3) changes into helium 3. 

In ej e c ting an electron and a neutri
no an atom that undergoe s  spontane
ous beta decay always loses some 
of the energy binding its nucleus 
together. For this reason some ele
ments cannot undergo beta decay, 
because the elements imme diately 
following them in the pe riodic table 
have nuclei with higher binding en-

ergies. In 1935 theorists speculate d 
that there might be a way around the 
re striction:  an atom of such an ele
ment might occasionally d e c ay two 
neutrons at a time, thereby moving 
up two slots in the periodic table to 
bec ome an atom with a lower bind
ing energy. Numerous dete ctors de
signed to record the phenomenon 
failed, however, mainly be cause they 
c ould not distinguish betwe en parti
c les  emitted during the decay and 
spurious partic les. 

Moe be gan his search in 1974 by se
lecting selenium 8 2  as a target. Sele
nium, which has 34 protons, is  fol
lowed in the periodic table by bro
mine, which has 35; s ince bromine 
has a higher nuclear binding energy, 
se lenium 82 can decay only into 
krypton 82, which has 36 protons 
and a lower nuclear energy. Investi
gators at the Max Planck Institute for 
Nuclear Physic s in Heidelberg had 
derived a tentative estimate of the 
half-life of selenium 8 2  from analyses 
of traces  of krypton 8 2  in billion
year-old selenium ore s. "We had a 
target half-life we could shoot for," 
Moe explains. Selenium 82 was also 
thought to have a high transition en
ergy, so  that e lectrons from its decay 
would be relatively easy to distin
guish from background radiation. 

The Max Planck experiments had 
shown that any one atom of sele
nium 82 has a vanishingly small 
c hanc e of dec aying in a given peri
od. These odds could be overcome 
only by assembling many atoms of 
the rare isotope. Moe obtaine d  14 
grams-about 1023 atoms-from the 
Oak Ridge National Laboratory, 
which had produc e d  selenium 8 2  
while processing materials for nucle
ar weapons. This sample was the 
large st ever produced in the U.S. 

At first Moe put the sele nium in a 
detector designed for other particle
physic s experiments. The detector 
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kept recording spurious events, and 
after six years Moe abandoned it  and 
teamed up with Hahn and Elliott to 
build a new detector called a time
proj e c tion c hamber.  It is fil led with 
helium; when electrons traverse the 
gas, they leave a trail of ions, which 
induce pulses in wire s l ining the 
side s of the c hamber.  By analyzing 
signals from the wires the investiga
tors determine the point of origin, the 
path and the energies of electrons 
passing through the c hamber.  The 
emission of the two neutrinos from 
each decay is inferred from the be
havior of the e lectrons. 

It took several years to reduce 
background noise and then, early 
in 1986, the workers be gan rec ord
ing double-beta decay re gularly. The 
events occur about once every thre e 
or four days :  given this fre quency, to
gether with the total number of at
oms in the selenium-82 sample, the 
workers derived their 1 . 1  X 1020 half
life value, which roughly matches  
the one obtained from the  Max 
Planck group's  analyses .  

The precise,  definitive nature of 
the findings give s nuclear theorists a 
benc hmark against which their mod
els  can be tested, according to Hahn. 
In particular, he notes, the data may 
guide the many investigators (includ
ing those at Irvine) looking for an ex
otic form of double-beta decay that 
produces  no neutrinos.  Zero-neutri
no double-beta decay c ould occur in 
at least two mode s :  either the neutri
nos ej ected from the de caying neu
trons annihilate each other, creating 
a burst of energy that is imparted to 
the two electrons, or the neutrinos 
c onverge into a hypothetical particle 
known as a maj oron. 

Detection of e ither mode of zero
neutrino decay, Hahn says, would 
indicate that the neutrino has mass 
and so would have dramatic conse
quences for al l  physics .  Theorists 
seeking to explain gravity, the e lec
troweak force and the strong nuclear 
force with a so-called grand unified 
theory, for example, have proposed 
the existence of a neutrino that has 
mass .  Neutrino mass also plays a key 
role in speculations about whether 
the universe has enough "dark mat
ter" to halt its present expansion. 

About a dozen experiments de
signed specifically for spotting zero
neutrino double-beta decay are un
der way around the world. Frank 
T.  Avignone III of the University of 
South Carolina and Ronald L. Brod
zinski of the Pacific Northwest Labo
ratory in Richland, Wash.,  are mon
itoring a crystal of germanium 76 

A tiny, frozen planet has yielded its secrets 
to a heat-sensitive spacecraft from the earth 

INFRARED RADIATION from Pluto and its moon Charon stands out against the cooler 
background of space in this image made by the Infrared Astronomical Satellite in 1 983. 

(which  should decay into selenium 
76) isolated in a gold mine in South 
Dakota. Early this year they reporte d 
having found tentative evidence  of 
the maj oron form of double-beta de
cay. The report has been rebutted by 
other inve stigators, however, and 
Avignone acknowledges that "we 
need cleaner data." The Irvine team's  
results, he  notes, wi l l  help him and 
other workers, both by revealing 
more about the nucleus of selenium 
and by demonstrating the proc ess  of 
double-beta decay, at least in its most 
c onventional form. -JH 

Pluto's Poles 

Infrared observations suggest 
they are capped by methane ice 

In the past decade much of the mys
tery shrouding Pluto, the smallest  

and usually the most far-flung planet 
of the solar system (it oc casionally 
swings inside Neptune 's  orbit), has 
dissipated. In 1976 workers found 
that methane ice  c overs at least part 
of its surfac e ;  in 1978 others spotted a 
moon, later named Charon, circling 
the planet, and in 1980 stil l  others 
suggested that methane gas envel
ops the planet .  Recently, be cause the 
plane in which the planet and its 
moon orbit each other has been e dge 

on to the earth, they have been ob
served ec lipsing each other frequent
ly. By measuring the fluctuations in 
light during these ec lipses investiga
tors have estimated the diameter of 
Pluto and Charon-about 2,290 and 
1 ,2 84 kilometers respectively-and 
their density. The density e stimate s 
sugge st that both obj ects consist pri
marily of rock mixed with water i c e .  

N o w  Mark V. Sykes, Roc M .  Cutri 
and Larry A.  Lebofsky of the Univer
sity of Arizona and Ric hard P .  Binzel  
of the Planetary Science Institute in 
Tucson have brought Pluto into even 
sharper focus, providing new esti
mate s of the degree to which meth
ane ice and gas surround the planet .  
They derive their findings, which 
they report in Science, from images 
made four years ago by the Infrared 
Astronomical Satellite (IRAS). Syke s 
found the images last fall in the vast 
IRAS archives at the Jet Propulsion 
Laboratory in Pasadena, Calif. 

The IRAS images do not show Pluto 
and Charon as distinct  obj ec ts but 
only the infrared radiation, or heat, 
that they both radiate . Since oth
er  observations have indicate d that 
Charon is too small to retain an at
mosphere and that it has no methane 
ice on its surface, the workers were 
able to estimate and then subtract the 
moon's contribution to the infrared 
images and focus on modeling Pluto . 

They calculated that if methane ice 
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covered all of Pluto, the planet would 
be too cold to produce the lRAS im
age s .  By reducing the amount of ice  
on the planet,  the workers obtained a 
model  that matc hed both the obser
vations of methane ice  and the lRAS 
data. The model shows ice  extending 
from the poles of the planet to a maxi
mum latitude of 45 degre e s ;  a band 
fre e of methane ice  circles the plan
et's middle . 

Based on this model ,  the investiga
tors propose that Pluto has an atmos
phere of methane gas,  sublimed from 
the i c e ,  about 1 ,000 time s  less dense 
than the e arth 's  atmosphere at sea 
level .  That figure is  lower than oth
er  workers have recently proposed.  
"We're talking about a very small 
amount of gas," Sykes points out.  
The group e stimate s that the aver
age temperature on the planet varies  
from about 59  de gre e s  Kelvin ( - 2 14 
de gree s  Celsius) at the e quator to 54 
degre e s  at the poles .  

Sykes notes that  ice  caps have 
been evoked in the past to explain 
why Pluto has dimmed gradually 
over the past few decade s. The plan
et  appeared to be brighter previous
ly,  acc ording to the hypothesis ,  be
c ause one ice -covered,  highly refl e c 
tive p o l e  w a s  pointe d toward t h e  
e arth ; in r e c e n t  ye ars m o r e  of the 
darker e quatorial band has b e e n  
facing t h e  e arth . Another variable ,  
Sykes  adds, c ould c omplic ate th is  hy
pothesis :  s ince the axis of pluto is  tilt
ed with respect  to the sun, the meth
ane ice caps probably wax and wane 
during its orbital cycle ,  which takes 
248 e arth ye ars to c omplete . -] .H .  

Goethe v. Newton 

Shedding light on the poet's 
"refutation" of Newton's Opticks 

The German poet Johann Wolf
gang von Goethe ( 1749- 1832)  

wrote a number of scientific treatises ,  
including an analysis of l ight  and c ol
or called Zur Farbenlehre, published 
in 18 10. In it he argued that  the mod
e l  of light propounded in Isaac 
Newton's  Opticks in 1704 was incor
rect. Light cannot c onsist of different
ly c olored c onstituents,  Goethe c on
tended,  b e c ause it is essentially pure 
and immutable; it only appe ars to an 
observer to take on different c olors 
when it interacts with various me di
ums. Among those me diums is dark
ness,  which Goethe considered not 
the absence  of light but an entity in 
its own right. 
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Ever  sinc e ,  Goethe has been rid
iculed by scientists for having al
lowed mysticism to c loud his better 
j udgment. Now, however, Michael  
Duck of the Unite d Kingdom Atom
ic Energy Research Establishment at 
Harwell has reproduc ed one of the 
poet 's  key experiments.  He main
tains in American Journal of Physics 
that Goethe 's  model ,  while incorrect ,  
describes how people actually per
c e ive the spectrum more accurately 
than Newton's  model does .  

Whereas Newton refracted a beam 
of light through a prism onto a 
screen,  the experiment reproduc ed 
by Duck e ntails holding a prism to  
the  eye and looking at a white sheet  
against a b lack  background. From 
close up the observer sees colored 
fringes emanating from two opposite 
edges of the sheet :  one fringe is  yel
low, orange and red and the other is  
blue , indigo and violet .  As the ob
server steps back from the paper,  
sti l l  holding the prism to an eye ,  the 
fringes broaden, and finally gre e n  ap
pe ars in the middle of the sheet .  

A Newtonian would say that  the 
white  sheet ,  when viewed from a 
short distan c e ,  actually refl e cts a 
number of spectra. B e c ause the spec
tra closely overlie each other in the 
middle of the sheet ,  one sees only 
white light there , but at the edges of 
the sheet  the outermost c olors of the 
spectrum stand out and so one sees 
them as fringe s .  If  one steps back far 
enough,  however,  the e ntire sheet  
comes into  focus as a single spec
trum. The spectrum should now 
appe ar unchanged as the observer 
moves back sti l l  farther.  

Goethe disagreed .  He maintained 
that  looking through the  prism 
causes the darkness  and light to 
seem to overlap; as one steps back 
the colored fringes created by the 
overlapping broaden .  Gre en finally 
appe ars in the middle not because it 

is  inherent in the white light all along 
but b e c ause the inner borders of the 
two fringes ,  one yellow and the oth
er  blue , have merged and created 
gree n .  Goethe b e lieved his the ory 
would be proved if, as one c ontinues 
to retreat,  the yellow and blue keep 
waning until they are e ntirely re
plac e d  by gree n .  

" It will no doubt come as some
thing of a shock to Newtonians," 
Duck write s ,  "that this is precisely 
what does happen ;  as the observer 
retreats ,  yellow and blue wan e ,  and 
eventually do indeed disappear:  Goe
the would seem to be vindicated,  and 
Newton proved wrong!" 

Actually, Duck explains ,  Goethe 
had stumbled on a subtle physiologi
c al e ffe c t  named (after the two Ger
man scientists who first described it 
in  the late 1800's) the Bezold-Brucke 
phenomenon.  The observed hue of 
a colored light source ,  these scien
tists found, can vary acc ording to 
its brightness .  As the intensity of the 
source decreases ,  the eye 's  re c e ptors 
b e c ome more sensitive to red, gree n  
a n d  violet than t o  yellow a n d  blue . 
The effe c t  can be observe d by simply 
examining the night sky through a 
prism. The moon,  Venus and a few 
bright stars display all the colors of 
the spectrum. In fainter stars blue 
and yellow are not visibl e .  

D u c k  says Newton m a y  have ob
served the Bezold-Brucke phenome
non and chosen to ignore it s ince he 
c ould not explain the effe c t  in a way 
that agreed with his basic theory. 
Newton is  suspected of having occa
sionally modified his experimental 
data to make them match his hypoth
e s e s .  He "proved" in one experiment,  
for example , that it is  impossible to 
build an achromatic lens-one that 
does not distort the color of image s .  
" Newton may not have  b e e n  e ntirely 
hone st," Duck remarks, "but then,  
who is?" -] .H .  

BIOLOGICAL SCIENCES 

DNA Unveiled 

Tunneling microscope offers 
a closer look at the stuff of life 

The sc anning tunneling micro
scope ,  invente d in 1980, is  the 
most powerful imaging tool 

now in existence .  A resolution of less  
than one angstrom unit  (one ten-bil
lionth of a meter) enables the micro
scope to show the outlines of individ-

ual atoms,  which are typic ally thre e 
angstroms or so in diameter.  The mi
croscope is alre ady widely used by 
workers in microelectronics who are 
studying c onducting, semiconduct
ing and superc onducting materials .  

In  the  las t  few ye ars investigators 
have begun to probe far more com
plex materials :  those that constitute 
living things .  Now a group of work
ers that include s one of the inventors 
of the scanning tunneling micro
scope has produced the first images 
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that depict dire ctly the helical  twists 
and turns of individual strands of 
DNA. The observations were made 
by Heinrich Rohrer, who share d the 
Nobel  prize in physics in 1986 for his 
development of the s c anning tunnel
ing microscope, and Giorgio Trava
glini, both of the IBM Corporation's 
Zurich Research Laboratory; they 
c ollaborated with Matthias Amrein 
and Heinz Gross, both biologists at 
the Swiss Fede ral Institute of Tech
nology in Zurich. 

Unlike either optical or e lectron 
microscopes, the sc anning tunneling 
microscope does not form an image 
of a surface from reflected partic les. 
Instead it trac e s  c ontours with a nee
dle  that  scans the c louds of e lectrons 
bound to atoms at the surface.  The 
term tunneling refers to the process  
whereby the  e lectrons, as a conse 
quence  of the ir  wavelike propertie s, 
randomly j ump high enough above 
the surface to be detected. 

The Swiss workers prepared their 
specimens by allowing a drop of 
water c ontaining DNA mole cules to 
evaporate on a substrate made from 
a c rystal of graphite. Graphite crys
tals were chosen b e c ause they are 
extremely flat ;  they usually have 
protuberan c e s  of no more than two 
or thre e atoms. 

Apparently b e c ause DNA does not 
bind well  to the graphite ' s  smooth 
surface,  the inve stigators found the 
strands only where they had bec ome 
lodged in " steps" : regions where the 
substrate rises abruptly by two or 

more atoms. This positioning limit
e d  somewhat the degree to which 
the microscope c ould scan the DNA 
strands. Nevertheless, the workers 
were able to me asure the diameter 
and distance  betwee n  successive spi
rals (two and 3 .5  nanometers respec
tively) of individual strands. 

Unlike the e lectron microscope, 
the sc anning tunneling microscope 
can s c an surfaces  not only in a vacu
um but also in air and liquid. This ca
pability allowed the Swiss inve stiga
tors to s c an the DNA molecules un
der normal atmospheric conditions. 
They are now se arching for a sub
strate that, unlike graphite, will bind 
closely to DNA in water and so will al
low the molecules to be s c anned in 
their natural e nvironment. 

An article by Rohrer and Travagli
ni describing this research appe ared 
in Spektrum der Wissenschaft, the Ger
man-language edition of SCIENTIFIC 
AMERICAN, in August. -JH. 

Unadvertised Receptivity 

Why did "concealed ovulation" 
evolve in the vervet monkey? 

Most mammals mate only when 
the female is  in e strus :  a brief 

period around the time of ovulation 
during which the female advertises  
sexual receptivity by distinctive vi
sual, behavioral or  pheromonal sig
nals. A few primate s, including hu-

Magnified 3.8 million times, the twisted topology 
of DNA is bared by tunneling-electron microscopy 

STRANDS OF DNA rise above a substrate of graphite in this scanning tunneling 

micrograph. The bumps testify to the periodicity of the spirals in the helical molecules. 
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man beings, have developed a con
trasting pattern, in which female s  do 
not show obvious external signals of 
ovulation and are sexually receptive 
even when they are not ovulating. 
Looking for c lues to the evolution
ary origins of concealed ovulation 
and its adaptive value for female s, 
Sandy ] .  Andelman of the University 
of Minnesota examined the mating 
system of the c at-size African mon
keys called vervets. 

In the American Naturalist Andel
man describes be havioral and phys
iological data she col lected over six 
years from three groups of semiar
boreal vervets in a national park in 
Kenya. Her  team rec orde d attempt
e d  and suc c e ssful copulations by all 
male s in the groups. B e c ause animals 
in game reserves must not be dis
turbed, the team had to monitor the 
female s' ovarian function by c olle ct
ing urine samples  with a plastic fun
nel from monkeys perched in tre es.  

Reproduction among the vervets 
was highly seasonal, with 86 percent 
of al l  births occurring from October 
through Dec ember (the maj o r  rainy 
s e ason on the savanna). Bre e ding be
havior was also seasonal, but it was 
not limited to the period of ovulation :  
it be gan in April-about two months 
before the onset  of normal ovarian 
function-and extended through Oc
tober. The vervet female s gave no 
signals of ovulation, and 60 percent 
of the males in a group mated with 
more than 80 percent of the group's 
female s. 

Such a mating pattern gives the fe 
male vervet a number of advantages, 
Andelman says. Primate males, par
ticularly recent  transfers from other 
groups, are known to kill infants they 
did not sire, and male transfer  occurs 
at a high rate among vervets during 
the mating se ason. B e c ause vervet 
female s c opulate with most of the 
males in the group and show no signs 
of e strus, however, a male c annot 
know when conception has taken 
place or whic h infants are his. More
over, male s are more likely to gather  
food for female s with which  they 
have copulated, and to defend them 
from pre dators. B e c ause vervets fill  
an opportunistic niche in marginal 
savanna areas, the females are of
ten undernourished and in particu
lar need of such assistance. 

Sarah Blaffer  Hrdy of the Universi
ty of California at Davis thinks it i s  
"puzzling" to find hidden ovulation 
in a multimale social system. When 
a number of male s are continuously 
present, the c ombination of estrus 
and ovulatory signals is advanta-
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suffered no facial cuts or lacerations.  

The difference? 
A new idea developed by a group of 

Du Pont engineers. They believed that 
a thin layer of plastic along the inside of 
the windshield would keep the razor
sharp, shattered glass on the outside
away from the occupants. 

Their idea helped make more than 
just a safer windshield . . .  it  made a dif
ference . 

And that's something we try to do in 
everything we do. 

At Du Pont,  we make the things that 
make a difference . 

Better thing,< for better living. @ P 0 HJ) 
R(Ci us MT a T M  �f 
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geous :  it tends to compress the c opu
latory period and so reduce the ener
gy expe nditure associated with mat
ing and increase the time available 
for foraging. Assuming that female 
primate s prefer a wide range of part
ners, the situation is  different for fe -

males in systems involving a single 
mate . For them a prolonged period 
of rece ptivity and hidden ovulation 
should inde ed be advantageous, be
cause they increase the likelihood 
of mating with a male from outside 
the group. -Elizabeth Collins 

The behavior of the female vervet monkey 
offers clues to the evolution of human sexuality 

VERVET MONKEYS socialize on the plains of Amboseli National Park in Kenya in this 

photograph made by Sandy }. Andelman of the University of Minnesota. 
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Hope for Blighted Bays 

The reduction of nitrogen inflow 
may benefit coastal waters 

The e cological problems plaguing 
estuaries  and bays along the East 

Coast are well  known : pre Cipitous 
decl ines in fish catches, dying oyster 
beds,  murky water and algal blooms.  
New insights into the causes are 
e merging from studies  of Chesa
peake Bay, the large st  es tuary and 
bay system in the c ontinental U . S. 
The re sults are sugge sting steps that 
c ould benefit other c oastal waters 
that suffer  from oxygen depletion 
caused by exc e s sive plankton. 

The root of the problem is  well  un
derstood :  the burgeoning population 
in the area and the growing use of fer
tilizers on lawns and croplands have 
increased inputs of nutrients,  princi
pally nitrogen and phosphorus.  Sew
age-treatment plants also c ontribute 
to the problem. The nutrients stimu
late the growth of phytoplankton, 
which cloud the water.  The remains 
of the plankton nourish bacteria in 
the bottom s e diment that consume 
dissolved oxygen ,  and lack of oxy
gen kills aquatic plants and fish .  The 
process  is  intensified  by the pres-
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ence  of a bottom layer of sal tier water 
that is  largely isolated from the oxy
gen-richer surface layers .  

Uncertainty about the precise se
quence of ec ological events has ham
pered efforts to find a solution. Until 
re c e ntly most studies on the effects 
of nutrients on plankton growth have 
involve d freshwater systems .  They 
showed phosphorus to be the crucial 
factor limiting the growth of algae, 
and therefore the logical target of 
c ontrol; other nutrients were thought 
to be more abundant in relation to 
the plankton's  nee ds, so that larger 
and more costly reductions in their 
concentrations would be nece ssary 
to be effective . Maryland and Virginia 
have accordingly banned phospho
rus in deterge nts, and sewage-tre at
ment plants on the Potomac River in
c orporate expensive chemical proc
esses that reduce phophorus levels 
in their effluent .  

Christopher F .  O 'Elia of the Univer
sity of Maryland and others have 
shown, by adding nutrients to sam
ple s of Chesapeake Bay water, that in 
estuaries and bays phosphorus is  not 
always the limiting factor.  Estuaries  
have complex circulation patte rns 
and che mistry. Phosphorus is re
leased from bottom se diments in 
large amounts during late summer 

and fall, when nitrogen input  from 
agricultural runoff is  at its lowe st, 
and so nitrogen becomes the limiting 
factor at this time over much of the 
bay. The Scientific and Technical Ad
visory Committee ( STAC) to the j oint 
Federal/state Chesapeake Bay Pro
gram strongly recommended last 
year that wastewater treatment in 
the bay region should include con
trols on inputs of nitrogen.  

New re sults from computer simula
tions of the bay' s che mistry and flow 
patterns are c onfirming that assess
ment.  A review of the modeling exer
cise conducted in August  by STAC 
concluded that "there is no que stion 
that parts of the estuary are nitro gen
limited and parts are phosphorus
limite d," acc ording to STAC c hairman 
Maurice P .  Lynch.  The Environmen
tal Prote ction Agency which has 
been reluctant to rec ognize the im
portance of nitrogen, now appe ars to 
have ac quie sced :  Charle s S .  Spooner 
of the EPA notes that the agency "rec
ognizes  the advantages of nitrogen 
controls, at least  in the southern part 
of the bay." Spooner says the re cent 
exercise shows that adding controls 
on nitrogen to the existing phospho
rus controls might increase dis
solved oxygen in parts of the bay by 
S O  percent. 

Sewage plants acc ount for about a 
third of the bay's nitrogen input, and 
reducing the amount of nitrogen in 
their effluent re quire s a very expen
sive chemical process. Seve ral plants 
in the bay's c atchment area are none
theless inc orporating such chemical 
treatments :  carbon is added (in the 
form of methanol) as food for sew
age-digesting bacte ria. The bacteria 
prolife rate and c onvert nitrate s into 
gaseous nitrogen, which escapes  into 
the atmosphere . 

The cost  of control may come 
down. Innovative treatment proc es
s e s  tested in two pi lot  p lants by Clif
ford W. Randall of the Virginia Poly
tec hnic Institute and State University 
have shown that much nitrogen and 
phosphorus can be removed togeth
er .  Randall ' s  three-stage "biologic al" 
tec hnique depends on c arbon initial
ly present in the sewage, rather than 
methanol, to fe ed  the nitrate -conve rt
ing bacteria.  

Independent studies have shown 
that Randall ' s  proce ss, which is ex
tre mely fast, can reduce ope rating 
costs  by up to 20 perce nt, and Ran
dall says a plant to ope rate his proc
ess  would cost  only 3 percent more 
than a conventional plant. Citizens '  
groups are going to court to force 
local authorities to incorporate the 

2 7  © 1987 SCIENTIFIC AMERICAN, INC© 1987 SCIENTIFIC AMERICAN, INC



1988 CADILLAC ELDORADO 
New look. New V8 power. 

Cadi l lac style. 

The restyled, longer Eldorado i s  
that rare contemporary auto
mobi le that sti l l  makes a very 
personal statement about the 
man or woman who drives it. 

Unmistaka bly Eldorado. 
From its bolder gr i l le, through its 
blade fenders, to its hal lma rk ver
tical ta i l lamps, this is unmistakably 
E ldorado. These d istinctive 
elements are crafted onto a con-

temporary aerodynamic profi le. 

Powerful new 4.5 l iter V8. 
At Eldorado's heart is a larger. 
more powerfu l V8 that is even 
smoother than its predecessor. 
With 240 Ibs.-ft. of torque-more 
torque than any other front-drive 
engine sold in the U.S.-response is 
l ively, instantaneous. With 155 
horsepower- nearly 20% more 
than last year-merging and pass-

ing are even more effortless. 

Now available-ABS. 
Eldorado's four-wheel d isc brakes 
can now be fitted with a sophist i
cated anti- lock braking system. It 
can help take the panic out of 
panic stops by control l i ng the 
brakes up to 15 times per second 
-faster and more accurately 
than is humanly poss ible. Th is  
enhances driver control under © 1987 SCIENTIFIC AMERICAN, INC© 1987 SCIENTIFIC AMERICAN, INC



most traction conditions. 

Renowned Cadi l lac com
fort a nd convenience. 
With six-way power seats 
for driver and front pas
senger, and numerous 
other amenities, this 
driver's coupe is ,  above al l  
else, a Cad i l lac, 

II 
LETS GET IT TOGETHER . . .  BUCKLE UP. 

© 1987 GM CORP. 

CADILLAC ELDORADO. Backed by Eldorado's 6-year/ 
60,OOO-mile warranty. 

THE ONLY WAY TO TRAVEL 
IS CADILLAC STYLE. 

Every new Eldorado 
comes with the long-term 
peace of mind of a 6-year/ 
60,OOO-mi le warranty.* 

Your personal invitation. 
Discover the new Eldorado 
at your  Cadi l lac dealer, 

'See your dealer for terms and conditions of this l imited 
powertrain warranty. 
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proc e s s  in new sewage-treatment 
proj ects. Spooner says the EPA is  per
suaded that Randall ' s  proc e s s  is a 
good one , and a large new plant in
corporating it will soon come into op
eration in Virginia. 

One of the first consequences of 
the rec ognition of the role of nitrogen 

is  a draft agre ement betwe en the gov
ernors of state s adj oining the bay 
that is  expected to be signed in De
c ember. It  c ommits the signatories  to 
reduce inputs of nitrogen and phos
phorus to the bay by 40 percent by 
the year 2000, primarily by control
ling sewage-plant outfl ows. -T.MB. 

MEDICINE 

Stressed Out 

Learned helplessness in rats 
sheds light on human depression 

I nvestigators who work with ani
mals are familiar with a psycho
logical state known as le arne d 

helple ssness. It is induced by un
avoidable stre ss ;  its c haracteristics  
include poor appetite , loss of interest 
in surroundings,  psychomotor dys
function and inability to pe rform pre
viously le arne d skills or tasks. In the 
1970's Martin E. Se ligman of the Uni
versity of Pennsylvania note d that 
le arne d helplessness is  much like de
pre ssion in human beings and that 
drugs relieving depression also re
lieve symptoms of le arne d helpless
ness  in animals. He proposed that the 
animal syndrome c ould se rve as a 
model for depression in humans. Se 
l igman's insight served as the foun
dation for muc h useful psychologi
cal  study. 

Now neurobiologists have begun 
to build on this work by re lating the 
behavioral and psychological mani
fe stations of learned helple ssness  to 
physiology: neurotransmitters ,  hor
mones and their receptors in the 
brain, the endocrine glands and the 
immune system. A typical expe ri
ment involves three groups of rats. 
One group experien c e s  no stress. 
Members of the second group are 
subj e cte d to stre ss ,  such as e lectric 
shock, but are allowed to e s c ape 
through some se lf-initiate d c ourse of 
action. These rats remain he althy 
and alert. Animals in the third group 
are not allowed to escape the nox
ious stimuli. Many of them le arn 
that their responses to stimuli have 
no effect :  they le arn helple ssness. 
Changes in the concentration of vari
ous neurotransmitters in different 
parts of the brain can then be relate d 
to the animals' behavior. 

Just what conclusions should be 
drawn from these re sults is a matter 
of considerable and productive de
bate.  The ne urotransmitte r norepi-
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nephrine , for example , figures in a 
number of hypoth e s e s ,  which dif
fer on many points. Among them is 
the issue of whether changes in the 
levels of the hormone ,  which helps 
to me diate "fight or flight" reactions 
and other functions of the adrenergic 
c omponent of the nervous system ,  
a r e  a primary or a s e condary effect  o f  
learned helplessne ss. 

Thomas G. Reigle of the University 
of Ge orgia s e e s  a c omplic ate d inter
action betwe en norepinephrine and 
the endogenous opiate system,  a sys
tem that produc e s  neurochemicals 
resembling opiate s that inhibit  the 
ability to fe e l  pain and induce a sense 
of well-being. Rats  that  have learned 
helple ssness  show relatively high 
levels of endogenous opiate s and are 
re latively unre sponsive to pain. If 
rats re c e ive naloxon e ,  a drug that 
blocks opiate activity, before expo
sure to stre ss ,  they are less likely 
to le arn helple ssness  than untre at
ed rats. 

Changes in opiate levels ,  Reigle 
says,  lead to changes in norepineph
rine activity in the hippocampus,  a 
brain region implicated in emotional 
response. Animals that have le arne d 
helple ssness  show decreased levels 
of metabolites of norepinephrine , in
dic ating that the adrenergic system 
is working inefficiently. Jay M. Weiss 
of the Duke Unive rsity Medical Cen
ter says there is  a larger drop in nor
epinephrine (30 or 35 percent as op
posed to some 10 percent in the hip
poc ampus and cortex) in the locus 
ceruleus,  which supplies the c ortex 
and hippoc ampus with the transmit
ter. He has been able to affe c t  the be
havior of stre ssed animals by ma
nipulating norepinephrine levels in 
the locus c e ruleus. 

Interactions betwee n  the adre ner
gic system and the endogenous opi
ate system could also explain how 
the immune system is impaire d by 
learned helplessne ss. Tumors grow 
faster in animals subj e cted to uncon
trollable stre ss ,  and T cel ls ,  a ma
jor immune-system c omponent,  re
spond less  quickly to infection. Sev-

eral inve stigators have postulate d 
that the opiates bind to re c efltors in 
the immune system,  c ausing a partial 
shutdown. 

Workers c aution that whatever is 
found out in animals is  not ipso fac
to transferable to humans. "Learne d 
helple ssness  is one route into depres
Sion," says Steven F.  Maier of the Uni
ve rsity of Colorado at Boulder. "It  is  
not synonymous :  there is  no one-to
one relationship." Learned helpless
ness ,  he points out ,  affe c ts every sys
tem in the brain,  bringing about a po
tent and widespread cascade of 
effects that are expre ssed  in a range 
of behaviors. 

It  is  also unclear pre cise ly how 
changes in levels of neurotransmit
ters and neurotransmitter metabo
lite s are related to speCific patterns of 
behavior in the rats. It  follows that 
the same ignorance  extends even 
more c ompletely over their role in 
human emotion and behavior. At this 
stage , Maier says,  the broad spec
trum of e ffe c ts noted in le arned-help
lessness  experiments means differ
ent theorie s may not n e c e ssarily be 
inc ompatible. -E.c. 

Stimulating Recovery 

Wound healing is a promising 
field for biotechnology 

Modern me dicine has not yet de
vised any widely ac c e pted treat

ment that actively promotes the he al
ing of wounds. Rather ,  by closing 
wounds and keeping them moist and 
sterile physicians can only try to 
make it as e asy as possible for nature 
to take its c ourse. That may soon 
change : several c ompanie s are now 
exploiting recombinant-DNA tech
nology to produce in large quantities  
substances  that  occur naturally in 
the body and have a potent stimula
tory effect  on cell migration and c e ll 
division,  two processes  ce ntral to 
wound he aling. 

Some of the substan c e s ,  col lective
ly calle d growth factors ,  have been 
known for many years ,  and more are 
being discovered. They are polypep
tide s ,  se creted by ce rtain cells ,  that 
can bind to special rece ptors on the 
surfaces  of other cel ls ,  or sometimes  
on the  same ce lls. When a growth-fac
tor molecule binds to a rece ptor, it 
sends a biochemical signal into the 
cel l ' s  interior that can (in ways that 
are far from being fully understood) 
stimulate or inhibit cel l  growth or 
moveme nt. 
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How nuclear energy 
can help defuse 
the next oil crisis 

N
uclear-generated 
electricity, still the 

fastest-growing major 
energy source in Amer
ica, may be our best de
fense against another 
oil crisis. 

More and more energy ex
perts are asking the same 
question: How long before 
another oil shock torpedoes our 
economy and threatens our na
tional security? 

Oil turmoil 
Signs of the next energy crisis : 

• U S .  oil imports soared last year, 
costing the country $ 27 billion. 
This year, America's foreign-oil 
bill is expected to grow even 
bigger. 

• Many oil analysts are saying that 
in three years or less, as much as 
50% of all the oil used in the US.  
will have to be imported. That's a 
higher percentage than we have 
ever imported before , even dur
ing the oil crises of the 1970s . 

• A whopping two-thirds of the 
world's oil lies under the sands 
of OPEC nations . 

The need for nuclear 
Nuclear electricity is a domesti
cally produced alternative to 
foreign oil. Not just at the power 
plant , where nuclear energy is 
used instead of oil to generate 

electricity, but wherever Ameri
cans choose electricity (in

stead of oil) to heat 
their homes or 

run their 
factories.  

The 1987 special 
report on U S .  energy 
security, ordered by the Presi
dent and prepared by the U S .  
Department of Energy, states that 
without electricity from nuclear 
energy, the United States "would 
be using more oil, paying more 
for each barrel of it,  and feeling 
much less secure about its energy 
outlook." 

The more we use our own nu
clear electricity, the less we'll have 

to rely on energy from unstable 
regions of the world. 

Nuclear energy for a 
secure future 

With over a hundred operating 
plants in the U S . ,  nuclear energy 
is now our second leading source 
of electricity. But in spite of all 
that we have accomplished, the 
threat of foreign oil dependence 
remains . Difficult choices still 
need to be made, but one fact is 
clear : the more we develop our 
own energy sources , the more we 
can control our own destiny. 

For a free booklet on energy inde
pendence, write to the U S .  Coun
cil for Energy Awarenes s ,  P. O .  
Box 1 5 37 (FQ20),  Ridgely, MD 
2 168 1 .  Please allow 4-6 weeks 
for delivery. 

Information about energy 
America can count on 

u.s. COUNCIL FOR ENERGY AWARENESS 

© 1987 USCEA 
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y IBM has a full 
"I need a mid-size computer, 

but I'm no programmer and 1 don't 
want to hire one. 1 want software 
that's easy to get, install and learn. 
My budget is tight. 

Like the north and south poles, people who buy 
mid-range computers can be alike, yet opposite. 

Their needs may be worlds apart, but each asks, 
"Can you help me?" And IBM answers, "Yes:' 

The fact is, IBM can help more kinds of 
customers, more ways, than anybody. We offer an 
extraordinary range of computing power, and all of 
it is available to any of our mid-range customers. 

But there's one thing we don't have, and neither 
does anybody else : a "one-size-fits-all" design that 
can satisfy everyone without compromise. The needs 
of a small law firm, a retail chain and a multi
national corporation, for example, are too diverse for 
one architecture to serve each equally well. 

So IBM offers a choice of mid-range systems, 
System/3X and System/370. Neither is "better" 

" Can you help me?" 

than the other, they're just better suited for different 
kinds of jobs. You may even want both. 

And since we give you a choice, we'll help you 
make the right one. Together, we'll analyze your 
needs for software, connectivity and training. We'll 
look ahead to future growth, and we'll work to 
protect your previous investments. 

We'll fit our system to your needs, not vice versa. 

Power to start with, and grow with. 
The System/3X family includes the System/36 

and System/38. 
The IBM System/36 is our most affordable and 

easiest-to-Iearn system. With over 4,000 programs 
available, it's ideal as a small company's first 
computer, with plenty of room for growth. It's also 
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·range mid-range. 
" I'm building a network of 

mid-range computers in 37 remote 
locations connecting with 12 
mainframes in 5 other places. I'll be 
sending both data and mainframe 
applications. My growth ceiling is 
pretty much unlimited. 

"Can you help me?" 

extremely connectible. So a larger business can 
build a network of System/36s, or include them 
in existing networks with PCs and mainframes. 

The IBM System/38 makes it easy to develop 
applications, is renowned for its versatile data base, 
and connects with PCs, hosts and System/36. 

Mainframe architecture for smaller 
neighborhoods. 

Our System/370 architecture brings large system 
computing to mid-size environments with the IBM 
9370 Information System and the newly updated 
IBM 4381 Processor family. 

The 9370s are surprisingly compact, yet they not 
only connect with IBM's biggest mainframes and 
other systems (through a variety of networks) , they 

can run thousands of mainf'rame programs. 
For sending mainf'rame power out to 

departments, or for communicating between 
departments, 9370s are a terrific choice. 

IBM's new 4381s bring similar benefits, plus 
additional ones : added performance, added growth, 
and the ability to run MVS/XA, the most powerful 
IBM mainf'rame operating system . 

The IBM system of choice. 
But regardless of architecture, the most impor

tant considerations for any system are the people 
who'll be using it and the challenges they face. 

And that's why IBM's full-range mid-range is the 
right idea. No matter where you =:=-:-:. =::. E? ('f) 
fit into it, the fit feels good. ..§. :-:. =�= -- - , -

© I B M  1987 
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Most of the published re search on 
the tissue-re generating propertie s of 
growth factors c onsists of in vitro 
tests or work on the eye, where 
growth-factor treatment may be par
ticularly valuable because the c or
nea  lacks a blood supply. Investi
gators at the Washington University 
M e dical Center in St. Louis have re
c ently pushed the effort forward to 
an important new stage. 

They write in Science that the fac
tor cal led transforming growth fac
tor-beta (TGF-B) is  a "potent  pharma
c ologic agent that can accelerate 
wound healing in rats." The workers 
found that when human TGF-B ex
tracted from blood platelets was ap
plied in a slow-release suspension to 
standard incisions in the skin of rats,  
it  speeded he aling by about three 
days;  five days after wounding, inci
sions treated with TGF-B were more 
than twice  as strong as those re c e iv
ing no TGF-B. The c ompound has
tened the influx of new c e lls  and 
stimulated cell division and the depo
sition of collagen, a fibrous prote in. 
One of the investigators,  Thomas A. 
Musto e ,  says it is  reasonable to infe r  
s o m e  similar e ffect  i n  humans. 

The work was c arried  out in col
laboration with Amgen ,  Inc. , a bio
tec hnology company that is  also in
ve stigating the tissue-regenerating 
e ffects of other growth factors in sev
eral animal models.  Now Amgen has 
raised $40 mil l ion to spend on clini
c al testing of tissue-re generation 
compounds. The clinical trials 
should start within a year, acc ording 
to a spokesman. (Although it is  true 
that aberrant re gulation and process
ing of growth factors may underlie 
transformation of some c e lls  to a c an
c e rous state ,  there is  no evidence  
sugge sting that  simply applying a 
growth factor would transform c e lls.) 

If  e ffe c tive preparations incorpo
rating growth factors can be devel
ope d-and much work remains
they c ould be particularly valuable 
in the treatment of severe burns ,  
skin-graft donor  site s and inj uries 
to the cornea. Surge ons may in the 
future also use sutures  impre gnat
ed with growth factors ,  an Amgen 
spoke sman speculates. 

The Chiron Corporation of Emery
ville , Calif. ,  has a product incorporat
ing epidermal growth factor already 
in clinical trials ;  more than a third of 
eye-inj ury patients tre ate d with the 
product show complete healing,  ac
c ording to Edward E.  Penhoet ,  pre si
dent of Chiron. Be dsore s and diabetic 
ulcers ,  which are hard to treat,  might 
also be attacked with synthetic 
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growth factors. The stakes are high:  
Penhoet points out that the annual 
market for wound-tre atment prod
ucts can probably already be meas
ured in the billions of dollars. -T.MB. 

One-Stop Medicine 

More and more physicians 
sell prescription drugs 

W ho would turn down $50,000 
in extra income if it could be 

e arned with a modicum of extra ef
fort and minimal c apital investment? 
Physicians are being offered supple
me ntary e arnings in this range by 
c ompanies that sell them drugs pre
packaged for the patient. After  writ
ing a prescription,  the physician of
fers the drug for sale dire ctly,  sav
ing the patient a trip to the pharmacy 
and allowing the physician to c harge 
a dispensing fe e. About 5 percent of 
doctors are already routinely se lling 
drugs,  and the figure seems likely to 
increase.  

The trend worrie s  some academic 
c linicians and others concerned with 
medical  e thic s ,  who fe ar that the 
practice e stablishes  a conflict  of in
terest:  it  may be hard for some doc
tors to remain impartial in their pre
scribing if they stand to gain person
ally by extending treatment for an 
extra week or by c hoosing a drug 
they have in stock instead of another 
that might be slightly better. 

A bill  introduced in the House 
of Repre sentative s by Congressman 
Ron Wyden,  Democrat of Oregon,  ad
dre sses  such concerns  by forbidding 
doctors to sel l  orally administered 
drugs at a profit  unless  there are 
emergency me dical reasons or the 
patient would find it  hard to get  the 
drugs from a pharmacy. Doctors in 
rural areas would be exempted from 
the prohibition. "Medicine should 
not be like buying bananas in the 

supermarket ," according to Wyden, 
who says that overpre scribing does 
occur and that drugs have been sold 
by physicians with markups of more 
than 200 percent. 

The pressure to e arn a supplemen
tary income by se lling drugs is  l ikely 
to worsen as the number of physi
cians c ontinue s to grow, increasing 
the c ompetition for patients.  Arnold 
S. Reiman, e ditor of the New England 
Journal of Medicine, has argued in 
support of Wyden's  bill  that mar
kets serve the interests of c onsum
ers only when they " are able to make 
their own purchasing decisions and 
can j udge the value and quality of 
what they buy." 

The c ompanies  that sell "repack
aged" drugs are predictably opposed 
to Wyden ' s  bi l l ;  pharmacists ,  who 
stand to lose out to the repackagers,  
support it .  The American Medical As
sociation is  also lobbying against the 
bill. Ray W. Gifford,  Jr. , an AMA trust
e e ,  says the association bel ieves 
me dicine should c ontinue to be re gu
late d by state s rather  than by Fe deral 
statute. Although the association dis
approves of doctors who sel l  drugs 
without special reason,  it  thinks Wy
den's  bill c ould unduly limit the indi
vidual physician's j udgment. Wyden 
replie s that Federal le gislation is  nec 
essary b e c ause the Fe deral Trade 
Commission has reversed the posi
tion it  took a few years ago and is  urg
ing state s not to interfere with the 
practice. Jeffrey I. Zuckerman, direc· 
tor of the commission's Bureau of 
Competition, has writte n to le gisla
tors in Maryland and Ge orgia that 
dispensing by physicians "increases 
service and price competition among 
practitioners." 

Imme diate action on Wyden's  bill 
i s  not expected;  indee d ,  there is  no 
c ompanion bi l l  in the Senate yet. The 
House bill has been reported out of 
committe e with a c omfortable maj or
ity, however,  and Wyden says "the 
word's getting around." -T.MB. 

TECHNOLOGY 

Faces, Couches, Cats . . .  

Such "complex" objects stymie 
creators of computer imagery 

N o longer c ontent with sending 
brightly colored,  crisply shad
owed spheres and cubes spin

ning through surre al Euclidean land
scape s ,  computer·graphics rese arch-

ers are trying to reproduce  the subtle 
shadings and motions of re ality. With 
varying suc c e s s ,  they are simulating 
such mundane but c omplex phenom
ena as the wrinkling of fabric ,  the 
swinging of a chain,  the glow of a 
lamp and the smile on a human face.  

The pursuit of these goals  is  c hang
ing the way c omputer image s are 
made. Whereas in the past workers 
would depict  a specific phenomenon 
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Graphics based on real-world laws may be more lifelike, less predictable 

CHAIN AND TRAPDOOR illustrate a new animation technique 

developed at the California Institute of Technology. The objects, 

once given a goal, automatically pursue it-here connnecting the 

chain 's last link to the trapdoor-by following physics-based rules. 

on a screen in the most efficient way 
possibl e ,  without re gard to its real
world analogue , the new programs 
build on rules  of physics like those 
that govern re ality. Such programs 
re quire huge amounts of c omputer 
time and still cannot accurately de
pict  many basic phenomena.  But as 
hardware becomes faster and pro
grammers bec ome more sophistic at
ed, the versatility of "reality-based" 
programs,  Alan H. Barr of the Califor
nia Institute of Technology says,  
should bring about "the end of the ad 
hoc approach to graphi c s . "  

FINEST BLENDED SCOTCH WHISKY 

"Depleting my bank account has 
become a Thanksgiving tradition 
for my family It's their version 
of 'carving the turkey' Luckily, 
Ballantine's is still a good value." 

The effort to mimic re ality goe s 
forward on three often overlapping 
fronts : modeling,  the depiction of 
three-dimensional obj e cts and the 
space they inhabit ;  animation,  the 
movement of these obj e cts through 
spac e ,  and rendering,  which c ap
ture s the "look" of the obj e cts and 
their environment on a two-dimen
sional  screen.  

The art  of rendering leaped for
ward in the e arly 1980's with the de
velopment of a tec hnique known as 
ray tracing,  which represents the ef
fe cts of individual rays of light re-

fle c ting off smooth surfaces  and en
tering the eye of the observer .  The 
major  limitation of ray traCing is  that 
it  imparts a somewhat artificial ,  plas
tic sheen to obj e cts .  Rece ntly work
ers at Cornell University, after exten
sive research into optics ,  created al
gorithms that c ombine ray tracing 
with a new technique cal led radios
ity. The algorithms accurately depict  
how l ight is  diffused by dull or rough
ly textured obj e cts and by trans
lucent me diums such as frosted 
glass ,  fog ,  smoke and fire .  

James T.  Kaj iya of Calte c h  has de-

The more you know about Scotch, the more you l ike Bal lantine 's. 
Blended Scotch Whisky. 86 Proof. Bottled in Scot�nd. Imported by "21' "  Brands, I nc . •  New"ltx1<, NY © 1987, 
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Although computers paint more deftly than ever, 
they still cannot render a "dirty old couch " 

DRESSING-TABLE SCENE rendered at Cornell University shows the interplay of the specular 
reflections from the mirror and the diffuse reflections from dull surfaces_ 

vised what he c alls a "rendering 
e quation" that achieves the same ef
fe cts as both ray tracing and radios
ity and also shows how light is  re
fracted by a transparent me dium 
onto another surfac e _  This last ef
fe ct-example s include the shimmer
ing patte rns that sunlight makes 
on the bottom of a swimming pool 
and the brilliant beam produc e d  by 
a magnifying glass-had been ex
tremely difficult to render.  

Compared with rendering,  comput
er  animation is  still relatively primi
tive : most computer-graphics pro
grams still move an obj e ct by leading 
it along a prespec ified path step by 
step. Barr and his c olle ague s at Cal
tech ,  however, have been able to de
velop a tec hnique that gives obj e cts 
a kind of autonomy. After cre ating an 
obj e ct ,  such as a chain, the workers 
es tablish a set  of rule s ,  based on 
Newtonian physics ,  that govern it .  
Then they spec ify a goal-swinging 
to a certain point,  for example-and 
the obj e c t  responds automatically. "I 
don't know in advance how the ob-
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j e c t  will achieve the goal , "  Barr  says.  
Investigators can only render and 

animate what has already been re al
istic ally modeled,  and the repertoire 
of modeling, Kaj iya points out,  is  lim
ite d .  The last maj or bre akthrough in 
modeling occurred when workers 
found that fractals c ould simulate 
such natural phenomena as moun
tains and waves .  There are many 
down-to-e arth phenomena,  Kaj iya 
note s ,  that fractal-based algorithms 
c annot model.  "You never see a c om
puter image of an old be at-up couch ,  
or a cat ,  or a person,"  he says .  "These 
are  things that  have texture . "  Model 
ing fac e s  is  now a major  endeavor 
of researchers ,  "but the models are 
very crude ,"  Kaj iya adds. The ob
j e cts that most workers render and 
animate are rigid "geometric primi
tive s" constructed from polygons .  

At the  AT&T Bell  Laboratories ,  
however,  Ge rald I .  Wei l  is trying to  
model  an almost infinitely malle a
ble obj e ct :  cloth.  Like Barr, Weil has 
created programs based on "sim
ple Newtonian physics . "  By calc ulat-

ing the forces  exerted on individual 
threads in a piece of fabriC ,  the pro
gram depicts how the fabric might 
deform when it falls through the · air 
or is  wrapped around a mannequin.  
Weil is  also trying to model the ap
pearance of hair,  curly or c ombed.  

Who wants this  kind of re alism? 
More speC ifically, who will be willing 
to pay for it? Pe rhaps the military, 
which puts a premium on realism in 
fl ight-training Simulators,  or Holly
wood, which is  always seeking flash
ier  spec ial effects .  Donald P .  Green
berg of Cornell  maintains that the 
rise in speed and drop in cost  of com
puter hardware wil l  ultimately make 
the new programs available to de
signers "de aling with aesthetic eval
uations ,  whether it 's  a car or a build
ing . "  Weil offers a different view: he 
hopes the ability to simulate re ality, 
once it is  mastere d ,  will eventually 
" lead back to surre alism and fanta
sy," in which re al-world things be
have in otherworldly ways. -J-H 

Aquatic Astronomy 

Floating telescope may solve 
some mounting problems 

A large fraction of the investment 
.!-\. in a maj or te lescope pays for 
massive mounts that are needed to 
support the he avy primary mirror 
while it tracks an astronomical obj e c t  
with sub-arc -second precision.  Con
ventional mounts give rise to prob
lems: sometimes  they flex ,  and their 
oil-pad bearings emit heat that pro
duc e s  troublesome c onve ction cur
rents in the air if the oil is  not cooled .  
A radic ally new de sign proposed by 
Coast Steel Ltd. of P ort Coquitlam, 
British Columbia, i s  said to be che ap
er  and to e liminate such problems .  
The c ompany wants to build a tele
scope mounted in a stee l  sphere that 
floats in a tank of water .  

Large tele scopes have traditionally 
had " equatorial" mounts , in which 
one axis of rotation is  parallel  to the 
e arth 's  polar axis .  The design has 
one definite advantage :  to track a ce 
le stial obj e c t  the  te lescope can sim
ply be rotate d about the polar axis at 
a constant speed to compensate for 
the e arth ' s  rotation.  Such a mount
ing is  expensive , however. More re
cently built te lescopes have " alt-azi
muth" mounts. Like a gun turret ,  an 
alt-azimuth mount has one vertical 
and one horizontal axis .  The be ar
ings are cheaper ,  but in order to track 
an obj e c t  the telescope must be driv-
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en at c ontinuously varying speeds in 
the two plane s .  Furthermore,  acc ord
ing to E. Harvey Richardson of the 
Dominion Astrophysical Observato
ry in British Columbia, a consultant 
for Coast Ste el ,  the images produced 
by alt-azimuth tele scopes rotate dur
ing tracking, so  that instruments 
must also be rotate d .  Richardson 
thinks such mounts might have oth
er  disadvantages too:  they expose 
the primary mirror to c onvection 
currents by placing it directly over 
be arings .  

FLOATING TELESCOPE would b e  mounted i n  a spherical chamber cushioned by a tank of 

water. The design would reduce pressure on bearings on which the chamber rotates. 

A Coast Steel  floating boule tele
scope would be fixed within a steel 
cube that in turn fits into a ste e l  
sphere floating in a large tank. Most 
of the weight would be supported by 
the sphere 's  displac ement of water, 
and so the equatorial mount that 
pC'ints the sphere and telescope to
gether would not have to be very 
strong. David ] .  Halliday of Coast 
Ste el  points out that the engineering 
tolerances  for building the sphere 
are less  demanding than those for a 
conventional mount, so that costs 
would be lower. Computer modeling 
has shown the idea is  fe aSible , Halli
day says. An e ight-meter mount is  es
timate d to cost  only $5.4 million, 
c ompared with $ 14 million for a con
ventional design. The company has 

some standing in the fie ld :  it i s  c ur-, 
rently completing the dome of the 10-
meter se gmented-mirror Keck tele
scope on Mauna Kea in Hawaii .  Halli
day is  expecting to receive gov
ernment support for a small proto-

type boule and hopes to interest  
groups that are planning new tele
scopes .  A particularly promising 
prospect is  Saudi Arabia,  which plans 
to spend $250 million on a multite le
scope observatory. -T.MB. 

Winner of the 1987 Award for Distinguished Technical Communication '!' . .  

THE BEAUTY OF 

F RACTA LS 
I mages of Com plex Dynamical Systems 

1---- HEINZ-OTTO PEITGEN and PETER H. RICHTER 

What the reviewers have to say about this unique book: 

"A wide variety of specialist and non-specialist readers will derive pleasure and instruc-
lion from this gorgeous book:' Michael Berry in Nature 

"Anyone with an interest in fractals, computer graphics, mathematics, physics, art, or 
philosophy will find The Beauty of Fractals a synthesis of the meaning of fractal geome
try in each of these distinctive domains . . .  [itl deserves high praise for uniting a new 
science - fractals - with a new art - computer graphics - and merging them with a 
humane and challenging view of our physical and intellectual universe:' 

E . A. Bobinsky in BYTE , 5/87 
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�--
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call TOLL FREE 1-800-526-7254 (in NJ. 201-348-4(33). ' 
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The new Buick Regal. 
There's nothing like it on the American road. 

The 1988 Buick Regal. 
Not just a new car, a new 
Buick. One specifically 
designed for America's great 
roads - like Mulholland Drive, 
which winds through the Holly
wood Hills to the San Fernando 
Valley in Southern California. 

Beautiful to behold. 
Regal's styling is beautifully 

Buick. It's also exclusively Buick. 
There's nothing like it. On any 
road. Anywhere. 

Sculpted in the wind tunnel, 
Regal's .305 coefficient of 
drag is the lowest in Buick's 
8S-year history. It is over 30% 
better than its predecessor, 
and is among the best in 
the world. 

BeauHful to drive. 
Regal has a 2.8-litre V-6 
engine with multi-port fuel 
injection . . . front-wheel drive 
. . .  4-wheel independent sus
pension . . .  4-wheel power 
disc brakes. And Regal is the 
first 6-passenger coupe in the 
world to have all these 
features - standard.  
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Beautiful to be In . . .  
and buy. Inside, Regal is also 
beautifully new and richly 
Buick, with room for six adults, 
and a generous 1S. 7-cubic
foot trunk. There is an impres
sive list of comfort, convenience 
and luxury features. Even an 

electronic digital speedome
ter is standard. And drivers 
who truly appreciate beauty 
and value will find Regal own
ership pleasantly within reach. 

Buckle up and see your 
Buick dealer for a test drive of 
the all-new 1988 Buick Regal 

today. There's nothing like It on 
the American rood. 

The Great American Road belongs to Buick 
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Diet and Cancer 
Recommendations aimed at reducing the incidence of cancers 
associated with nutrition are based on limited but suggestive 
evidence from epidemiological studies and animal experiments 

In 1982 the National Research 
Council, an arm of the U.S. Nation
al Academy of Sciences, issued 

provisional guidelines intended to 
reduce the risk of cancer related to 
food. The main recommendations 
were to lower the intake of fat from 
the current U.S. average of 40 percent 
of total calories to 30 percent; to eat 
more fiber, fruits and vegetables; to 
increase the consumption of com
plex carbohydrates (such as the 
starch in flour and potatoes), and to 
decrease the consumption of pick
led, salted or smoked foods as well as 
of simple carbohydrates (such as re
fined sugar). 

These recommendations have gen
erated a considerable amount of con
troversy and confusion among the 
public, dietary specialists, Govern
ment agencies, public health officials 
and the food industry as well. The 
controversy arises mainly from the 
fact that although the evidence on 
which the recommendations were 
based was highly suggestive, it was 
in no case definitive. The question is 
therefore whether ,it would be pru
dent to observe the recommenda
tions or whether they should be 
regarded as premature and perhaps 
ill-founded. 

One clear point is that the human 
diet has changed profoundly over 
a short period of recent evolution
ary time. Anthropological studies of 
the diets of hunter-gatherer socie
ties that have survived into the 20th 
century, such as the Bushmen of the 
Kalahari Desert in southern Africa, 
provide a valuable evolutionary per
spective on modern dietary practices 
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by Leonard A. Cohen 

and their possibly detrimental ef
fects. S. Boyd Eaton and Melvin ]. 
Konner of Emory University, who an
alyzed data from several such societ
ies, concluded that the fat intake of 
prehistoric people living in temper
ate climates was about 20 percent 
of total calories-half the current in
take in the U.S.-with an apprecia
bly higher ratio of unsaturated to sat
urated fat. Fiber intake appears to 
have been about 45 grams per day, 
compared with 15 grams or less in 
the U.S., and the intake of ascorbic 
acid was four times the U.S. level. 

Assuming that modern human be
ings (Homo sapiens sapiens) evolved 
some 30,000 to 50,000 years ago, the 
species has subsisted for more than 
90 percent of its history on just such 
low-fat, high-fiber diets rich in ascor
bic acid and calcium. Hence modern 
people are served by metabolic and 
digestive systems that evolved to 
deal with dietary patterns very differ
ent from the current ones. The hunt
er-gatherer consumption pattern per
sisted (with minor changes when ag
riculture developed perhaps 10,000 
years ago) until about 250 years ago, 
when the Industrial Revolution trans
formed the way many people live: fat 
intake rose steadily, fiber intake de
clined and consumption of refined 
sugars rose as consumption of com
plex carbohydrates fell. 

In a sense, then, modern people are 
living in a biological time warp: their 
Stone Age physiology contends daily 
with a 20th-century diet to which it is 
poorly adapted. The changes in diet, 
together with a more sedentary way 
of life, are thought to be responsible 

not only for the increased size of 
modern people but also for the prev
alence of obesity, early maturity and 
such chronic diseases as cardiovas
cular disorders and cancer (which 
were less common even in older indi
viduals in Western societies of the 
18th and 19th centuries and are un
common today in hunter-gatherer 
societies). 

T
he primary reason for the uncer
tainty about the dietary recom

mendations of the National Research 
Council lies in the complex nature of 
the processes that give rise to cancer. 
Historically two approaches have 
dominated investigations of the caus
es of cancer. One, which focuses on 
speCific agents in the environment, 
derives from the suggestion by Sir 
Percival Pott in 1775 that the cancers 
of the scrotum and nasal cavity that 
were commonly found among chim
ney sweeps in England resulted from 
excessive exposure to soot. Years lat
er laboratory experiments showed 
that certain polycyclic hydrocarbons 
formed during combustion are in
deed carcinogenic in animals. Still 
later other chemicals, certain viruses 
and X rays were also found to cause 
cancer in animals. 

The second approach, which ex
amines a broader range of less specif
ic factors, originated in the work of 
the Italian physician Bernardino Ra
mazzini. In 1700 he noted that breast 
cancer was more prevalent among 
nuns than among women who led 
conventional lives. Ramazzini sug
gested that the contrast might be due 
to the different experience of the two 
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populations with regard to pregnan
cy and lactation. Since characteris
tics such as reproductive life encom
pass a wide range of physiological 
events, rather than being carcino
gens in the conventional sense, they 
are called risk factors. 

These two approaches were sub
sumed within a single conceptual 
framework in the 1940's with the 
demonstration, by Isaac Berenblum 
of the Weizmann Institute of Science 
and his colleagues and by Roswell K. 
Boutwell of the University of Wiscon
sin at Madison, that the carcinogenic 
process has at least two distinct 
stages: initiation and promotion. It is 
now widely believed that cancer de
velops in discrete stages, each of 
which is regulated independently at 
different times by different agents. 
Initiation, as it is currently under
stood, involves a brief and irrevers
ible interaction between a carcino
gen and the genetic material of its tar
get tissue. The reaction results in a 
molecular lesion, or mutation, which 
may transform some cells to an ab
normal state but does not generate 
a clinically observable tumor unless 
it is acted on by another class of 
agents, called promoters. 

A promoter can cause transformed 
cells to proliferate and form a tumor, 
but in itself it is neither mutagenic 
nor carcinogenic. Moreover, it must 
be applied continuously to have a 
biological effect; if the promoting 
stimulus is removed, its effects are 
reversible. (That is not the case for a 
carcinogen, and the difference is im
portant when it comes to considering 
preventive strategies.) The time be
tween an initiation event and the ap
pearance of a recognizable tumor is 
called the latent period. In human be
ings it ranges from 10 to 20 years. 

I
f initiating factors could be un
equivocally identified, the inci

dence of cancer could be reduced by 
eliminating them or reducing expo
sure to them. Only a few human can
cers, however, have been associated 
with specific causative agents-for 
example mesothelioma of the lung 
with asbestos and Burkitt's lympho
ma with the Epstein-Barr virus. Both 
cancers are rare. With regard to the 
major cancers afflicting Western pop
ulations, only lung cancer has been 
associated with a somewhat specif
ic agent, namely inhaled tobacco 
smoke. As for the other major can
cers-cancers of the breast, colon, 
prostate, pancreas, uterus and ovary, 
which account for some 48 percent 
of all deaths from cancer among fe-

males and 28 percent of those among 
males-little is known of the initiat
ing agents. 

In any case, the identification and 
elimination of initiating chemicals, 
which are presumably at low concen
trations in the environment, is not a 
feaSible means of preventing these 
common cancers. The most effective 
available strategy is either to identify 
the elements in the environment that 
promote these cancers and then re
duce or eliminate exposure to them, 
or to identify the elements in the en
vironment that act as antipromoters 
and then increase exposure to them. 
If a promoting agent can be removed 
or modified during the long latent pe
riod, a lesion either will remain per
manently in the latent phase or will 
progress to the tumor stage at a 
much lower rate than would ordinari
ly be the case. 

At present several factors in the 
diet are seen as tumor promoters or 
antipromoters. The item most clearly 
established as a promoter is dietary 
fat. The possible antipromoters in
clude dietary fiber; vitamins A, C and 
E; the trace element selenium, and 
certain compounds in such vegeta
bles as broccoli, cabbage and cauli
flower, which are called cruciferous 

vegetables because they are in the 
Cruciferae family of plants. Evidence 
from clinical studies and laboratory 
experiments suggests that some of 
the vegetable compounds may act at 
more than one point in the carcino
genic sequence, affecting enzymes 
that detoxify initiating carcinogens 
and also serving as antipromoters. 
Another class of potential dietary an
tipromoters has been studied in de
tail by Walter Troll of the New York 
University School of Medicine. Found 
in beans and plant seeds, they are 
protease inhibitors: they counteract 
the effects of enzymes that digest 
proteins and presumably help a tu
mor to invade neighboring tissue. 

T
here are two major sources of ev
idence suggesting a role for di

etary factors in cancer: epidemiologi
cal studies and laboratory experi
ments with rodents. The former can 
be done at the national population 
level or among individuals. 

Comparisons of cancer death rates 
in different national populations 
have provided important clues to the 
causation of cancer. One of the most 
informative comparisons is between 
the U.S. and Japan. Both countries 
have similar levels of industriali-

COMPONENTS OF DIET are linked more or less closely to the risk for particular can

cers on the basis of epidemiological clues and experiments with rodents. The strongest 

links are shown in dark blue, weaker ones in pale blue and the weakest ones in gray. 
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zation and education, high medical 
standards and good vital statistics. 
Surprisingly, although the overall 
cancer rates are similar, the two 
countries yield mirror images when 
specific types of cancer are com
pared. For example, cancers of the 
breast, colon and prostate are com
mon in the U.S. but rare injapan. Con
versely, cancer of the stomach is 
common injapan but rare in the U.S. 
Are the environmental factors en
hancing breast, colon and prostate 
cancer more prevalent in the U.S., or 
are factors that protect against such 
cancers more prevalent in japan? 

One might answer that the differ
ences are based on genetic differ
ences between the two populations. 
That hypothesis is refuted by the 
data on migration from one coun
try to another. They show that the 
worldwide geographic variation in 
organ-specific cancer rates can be 
attributed to environmental factors 
rather than genetic ones. For exam
ple, within two generations japanese 
immigrants in Hawaii and California 
had breast-cancer rates approaching 
those of the Hawaiian white popu
lation and significantly higher than 

those of native japanese. Conversely, 
gastric-cancer rates became signifi
cantly lower among japanese Hawai
ians than among native japanese. In
creases in breast-cancer rates were 
also found in populations emigrating 
from Poland, where the risk is low, to 
the U.S. 

S
uch shifts naturally focus atten
tion on the possibility that differ

ences in diet may be a factor. The 
idea that diet may have such a role 
was suggested more than 50 years 
ago by the English epidemiologist 
Percy Stocks, who associated differ
ences in cancer rates in various parts 
of England with differences in the 
consumption of certain foods. In the 
1950's Ernest L. Wynder of the Amer
ican Health Foundation concluded 
that the wide differences between 
the breast-cancer rate in japan and 
that in the U.S. could not be ex
plained on the basis of such estab
lished risk factors as family histo
ry or reproductive characteristics; 
he proposed that an environmental 
characteristic such as diet was the 
key determinant. In the 1960's Ken
neth K. Carroll of the University of 

Western Ontario published a series 
of geographic comparisons showing 
a strong correlation between the in
take of dietary fat and breast-cancer 
mortality rates in 39 countries. Sim
ilar but weaker correlations were 
shown for fat intake and cancer of the 
colon and prostate. 

Yet another epidemiological clue 
came from the analysis of long-term 
trends in the incidence and mortality 
rates of cancer. The data show that in 
a given country the mortality rate for 
a particular cancer often varies with 
time. The changes may be related to 
widespread changes in the environ
ment, particularly in the population's 
dietary habits. For example, in devel
oping countries as much as 80 per
cent of total calories comes from ce
reals and grains, which consist of 
complex carbohydrates. With indus
trialization and economic advance 
the caloric intake shifts toward fats 
derived from meat and vegetable oil. 
The consumption of sugar (simple 
carbohydrate) also increases. Such 
changes are taking place now in a 
number of countries, including Ice
land, Italy, Greece and japan. As the 
changes have occurred, rising rates 
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of breast and colon cancer (and of 
prostate cancer in certain places) 
have been observed. 

The same changes have been ob
served in the u.s. Since 1900, for ex
ample, the intake of animal and vege
table fats has risen by 40 percent 
while the consumption of potatoes 
has declined by 60 percent and of 
flour by 50 percent. Since 1930 the in
cidence rates of breast, colon and 
prostate cancer have gradually in
creased. On the other hand, deaths 
from gastric cancer have fallen dra
matically. The drop has been attrib
uted to the fact that refrigeration has 
largely replaced salting, pickling and 
smoking in the preservation of food. 

Epidemiological studies involving 
individuals also provide evidence of 
links between diet and cancer. Retro
spective studies entail comparisons 
of cancer patients with healthy peo
ple. By obtaining detailed dietary his
tories one can determine whether 
the cancer patients differed from the 
controls in what they ate earlier in 
their life. The results tend to be some
what inconSistent, however, mainly 
because people cannot always re
member their past diets in detail and 
because their subjective reports are 
heavily influenced by their current 
dietary practice. 

O
ne must therefore ask how good 
the epidemiological evidence is 

in support of a cancer-enhancing ef
fect for dietary fat and a cancer-inhib
iting effect for dietary fiber, vitamins 
A, C and E and selenium. (The evi
dence for compounds in cruciferous 
vegetables comes largely from ex
periments with animals rather than 
from epidemiology.) For most of the 
substances the evidence is limited. 
Although many and varied epidemi
ological studies have been' made, 
none of them fully satisfies the crite
ria epidemiologists employ in draw
ing inferences about causes from sta
tistical associations. 

The association between dietary 
fat and breast cancer comes closest 
to fulfilling the criteria. The link be
tween fat intake and colon cancer, al
though weaker, is significant. The 
association between dietary fat and 
prostate or ovarian cancer can be 
demonstrated only at the national
population level. 

The idea that dietary fiber-the 
part of the plant cell that is not digest
ed in the human small intestine-has 
a protective effect on large-bowel 
cancer originated about 15 years ago 
in the findings of the English epide
miologist Denis P. Burkitt and others. 
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CLASSIC EXPERIMENT on female laboratory mice, done by Albert Tannenbaum of the 

Michael Reese Hospital in Chicago, showed a strong link between a high-fat diet and the 

cumulative incidence of spontaneous mammary tumors. Hydrogenated cottonseed oil 

made up 12 percent of the high-fat diet (color) and 3 percent of the control diet (gray). 

Burkitt, serving as a medical officer 
in Africa, proposed that the high fiber 
intake of certain African populations 
protected them from several alimen
tary-tract diseases, including appen
dicitis, diverticulitis and colon can
cer. Efforts to test this hypothesis by 
making international comparisons 
have been hampered, however, by 
the lack of general agreement on 
how to quantify the intake of fiber. 
Early studies examined food groups 
known to contain high levels of fi
ber-cereals, grains, fruits and veg
etables-rather than the nutrients 
themselves. With these groups as in
dicators of fiber intake it was found 
that mortality from colon cancer var
ied inversely with consumption of 
cereals and grains but not with con
sumption of fruits and vegetables. 

In 1978 Alison A. Paul and D. A. T. 
Southgate of the Agricultural and 
Food Research Council's Food Re
search Institute in Norwich, England, 
published chemically defined values 
of fiber in various foods, giving epi
demiologists better tools for deter
mining fiber intake and its relation 
to colon cancer. What emerges from 
these studies is the finding that "fi
ber" is a general term encompassing 
such chemically and physiological
ly distinct substances as cellulose, 
gums, pectins and Iignins. As a case 
in point, Sheila A. Bingham of the Uni
versity of Cambridge and her col
leagues reported that mortality from 
cancer of the large bowel was in
versely related to intake of one par-

ticular class of fibers, the pentosans, 
but not to total fiber intake. 

The epidemiological evidence for 
anticancer effects from vitamin A (or 
its dietary precursor, beta-carotene) 
comes almost exclusively from tue 
comparison of cancer patients with 
healthy people. The findings pertain 
mainly to lung cancer; to a lesser ex
tent they also encompass cancer of 
the colon, stomach, bladder, esopha
gus and oral cavity. There is literally 
no evidence for a protective effect of 
other vitamins, with the exception 
of a possible association between 
the intake of vitamins C and E and 
reduced rates of gastric cancer. 

An anticancer role for selenium 
was originally proposed by Ray
mond]. Shamberger of the Cleveland 
Clinic Foundation. He based the sug
gestion on findings that levels of sele
nium in soil, forage crops and blood 
were inversely related to the risk of 
breast and colon cancer in various 
cities and regions of the U.S. Interna
tional studies revealed a similar rela
tion. The strength and consistency 
of these associations, however, are 
weak in some cases. For example, 
New Zealand has one of the lowest 
levels of selenium intake (50 micro
grams per day) and a breast-cancer 
mortality rate of 30 per 100,000 popu
lation per year, whereas the U.S. has 
a selenium intake of about 120 micro
grams per day and almost the same 
rate of deaths from breast cancer (27 
per 100,000). Such inconsistencies do 
not rule out a role for selenium, but 
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they suggest that other factors may 
be more dominant. 

As the above discussion indicates, 
epidemiologists essentially look at 
the results of experiments in nature 
and work backward to causes. Be
cause only relatively crude methods 
are available for measuring food con
sumption, particularly what people 
have eaten in years past, the best an 
epidemiologist can do is to demon
strate strong and consistent correla
tions or associations, such as the one 
between dietary fat and breast can
cer. Statistical associations can only 
imply causation, however; they can
not prove it. 

A n experimentalist, on the other 
J-\.hand, works forward from caus
es to results and thereby provides 
the second major source of evidence 
bearing on the relation between diet 
and cancer. A drawback of this work 
is that the results of laboratory ex
periments involving rodents mu

'
st 

be treated with caution, particularly 
when the findings are being extrapo
lated in an effort to assess effects on 
human beings. 

Experimental studies going back 
nearly 60 years have indicated that 

INITIATION 

ACTIVATION 

PROCARCINOGEN 1/ t 

the development of cancer in labora
tory mice can be modulated by nutri
tional means. Again the strongest 
correlation is between dietary fat and 
mammary cancer. (What is called 
breast cancer in women is called 
mammary cancer in animals.) This 
association was first demonstrated 
by Albert Tannenbaum of the Mi
chael Reese Hospital in Chicago in 
the 1920's. In the late 1960's Carroll, 
studying a chemically induced mam
mary tumor that enabled him to dis
tinguish between initiation and pro
motion, demonstrated that fat acted 
as a promoter. Since then the tumor
promoting effect of dietary fat has 
been demonstrated in mammary tu
mors induced by chemicals, X rays 
and viruses. A diet high in fat has also 
been shown to promote the develop
ment of experimentally induced can
cers of the colon and pancreas. 

Animal studies have also shown 
that the type as well as the amount of 
dietary fat governs the development 
of mammary, colon and pancreas tu
mors. High-fat diets rich in certain 
fatty acids promote the formation of 
tumors, whereas similar diets high in 
other fatty acids do not. The differ
ence seems to be in the chemical 

structure of the fatty acids. High-fat 
diets rich in linoleic acid (found in 
corn, safflower, sunflower and other 
common plant oils) act as promoters; 
similar diets rich in oleiC acid (from 
olive oil) and eicosapentaenoic acid 
(from fatty fishes and marine mam
mals) do not act as promoters. 

These findings in animals may 
help to explain several epidemiologi
cal enigmas, including the low rates 
of breast and colon cancer among the 
Eskimos of Greenland. They have a 
diet extraordinarily high in fat (60 
percent of calories), but the fat is de
rived almost entirely from fish and 
marine mammals. Similarly, the 
moderate rates of breast cancer in 
such countries as Greece and Spain, 
where fat intake is fairly high (32 per
cent of calories), may be due to the 
fact that olive oil is a major source of 
fat in Mediterranean diets. 

H
ow might dietary fat promote 
cancer of the breast, colon and 

pancreas? Because the mammary 
gland is responsive to hormones, the 
earliest hypotheses envisioned an in
direct effect by way of the endocrine 
system. The effect could be mediated 
either by a central process at the lev-
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INFLUENCE OF DIETARY FACTORS on the initiation and pro

motion of carcinogenesis is outlined schematically here on the 

basis of current evidence. Cancer can be initiated when a procar

cinogen (dietary or other) is activated and binds to DNA, giving 

rise to a mutation in the DNA (presumably often affecting an on

cogene). The mutation may or may not be repaired. Steps in acti

vation, binding and DNA repair may be enhanced (color) or inhib-

46 

ANTI PROMOTERS 

ited (black) by such dietary components as vitamins A, C and E, 

indoles from cruciferous vegetables and the trace element sele

nium. An unrepaired mutation may transform cells to an abnor

mal state, but it remains repressed-a tumor does not develop 

and there is no progression to cancer-except in the presence of 

promoters, such as a high-fat diet. Antipromoters such as vi

tamin A tend to maintain repression and inhibit cancer growth. 
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el of the pituitary gland or higher 
centers, which regulate the secre
tion of hormones such as prolactin, 
or by a peripheral process, at the 
level of the target organ, involving 
the binding capacity of specific hor
mone receptors. 

Another hypothesis focuses on 
prostaglandins, a class of biologically 
active lipids synthesized by the body 
from fatty acids (primarily linoleic 
acid) ingested in food. In a short se
ries of metabolic steps the acid is 
converted into the potent hormone
like prostaglandins, which are in
volved in such functions as the regu
lation of smooth-muscle contraction, 
inflammatory reactions, blood coag
ulation and the immune response. 

Mammary tumors and breast can
cers produce abundant amounts of 
prostaglandins, which may act by 
suppressing the host's immune re
sponse. Their synthesis can be ma
nipulated by dietary means, suggest
ing that experimental high-fat diets 
may exert their effects by altering the 
amount and direction of prostaglan
din synthesis. Such a mechanism 
would help to explain not only the 
finding that a certain amount of di
etary linoleic acid is required in ex
perimental diets to achieve the high
fat effect but also the inhibitory role 
of marine oils: they interfere with 
the conversion of linoleic acid into 
prostaglandins. 

T
he most popular current hypoth
esis about the link between a 

high-fat diet and colon cancer is 
based on findings that a high fat in
take results in increased secretion of 
bile acids (which help to digest fat) 
and alters the bacterial population in 
the large bowel, thereby enhancing 
the conversion of primary bile acids 
into secondary ones. Secondary bile 
acids in turn are thought to be pro
moters of lesions that are already 
present in the large bowel. 

Experimental evidence from ro
dents has also contributed to what is 
known about anticancer agents. Sev
eral studies have shown that admin
istration of vitamin A or its analogues 
(collectively termed retinoids) inhib
its the development of cancer in
duced experimentally in skin, the 
respiratory tract, the mammary 
gland and the bladder. The amount 
of retinoid necessary to show an ef
fect, however, is some 20 times the 
recommended daily allowance for 
the vitamin. Side effects such as re
duced weight gain, increased fragil
ity of bones and liver dysfunction 
have been reported at these high 

doses. Selenium has been shown ex
perimentally to reduce the frequency 
of chemically induced mammary and 
colon tumors in mice, but only at be
tween 30 and 40 times the recom
mended daily allowance. 

The laboratory results with reti
noids and selenium as dietary sup
plements point to three cautionary 
conclusions. First, supraphysiologi
cal doses must be given to obtain the 
desired effects. Second, there is a thin 
line between a therapeutic dosage 
level and a harmful one. Third, nei
ther compound can completely pre
vent the development of a tumor. 

Several animal studies have shown 
that increasing the amount of fiber 
in the diet from the usual 5 percent to 
15 percent or more reduces the fre
quency of chemically induced tu
mors of the colon in mice. The data 
are not consistent, however, particu
larly with respect to the speCific fiber 
tested. For example, wheat bran acts 
to depress the incidence of colon tu
mors whereas apple pectin, alfalfa 
and oat bran either have no effect or 
stimulate the formation of colon tu
mors, depending on the experimen
tal conditions. 

A number of mechanisms have 
been proposed to explain the appar
ent protective effects of fiber on co
lon cancer. Studies by O. M. Jensen of 
the Danish Cancer Registry and Ban
daru S. Reddy of the American Health 
Foundation indicate that populations 
at low risk for colon cancer excrete 
smaller amounts of bile acid than 
populations at high risk and that the 
low-risk groups consume more di
etary fiber. Decreased bile acid con
tent may result because fiber in
creases the bulk of feces, thereby di
luting their content of bile acid per 
unit of volume, or because fiber en
hances mechanisms that move bile 
acid from the large bowel into the cir
culation. Increased fiber also reduces 
the time between eating and excre
tion, giving potential mutagens in the 
feces less time to act on the colon. 

Laboratory studies also suggest an 
anticancer effect for flavones, in
doles and isothiocyanates (nonnutri
tive compounds often called second
ary plant constituents) derived from 
cruciferous vegetables. At present 
the effect has been shown only for 
chemically induced tumors of the 
forestomach, lung and mammary 
gland in rodents. The compounds 
apparently act by blocking the ac
tivation of hydrocarbon agents in 
the host. (Most carcinogens are con
sumed as inactive procarcinogens 
and must be activated by enzymes in 

the liver before they can react with 
the DNA of target cells.) 

The effects of salting, pickling and 
smoking foods have also been ex
plored experimentally. These meth
ods of preservation create conditions 
under which nitrates can be convert
ed readily into reactive nitrites; these 
in turn have been shown to com
bine with appropriate substrates (in 
the test tube) to form carcinogenic 
nitrosamines and nitrosamides. The 
cancer-causing effect of such com
pounds has been well established in 
laboratory experiments done by Pe
ter N. Magee of the Temple Univer
sity School of Medicine. Sidney S. 
Mirvish of the Eppley Institute for 
Research in Cancer in Omaha has 
shown that nitrosation reactions do 
not proceed in the presence of ascor
bic acid (vitamin C), which blocks the 
conversion of nitrates into nitrites. 

S
everal foods consumed by popu
lations at high risk for gastric can

cer-among them smoked fish (in Ja
pan) and fava beans (in Colombia)
have been shown to yield mutagens 
after nitrosation. These same popu
lations consume small amounts of 
fresh fruit and vegetables and there
fore take in low levels of vitamin C. 
suggesting that gastric cancer may 
result from the formation in the stom
ach of carcinogenic nitrosamines or 
nitrosamides from dietary nitrate in 
the absence of vitamin C. In no case, 
however, have the hypothetical "nat
ural" nitrosated substances to which 
gastric cancer has been attributed 
been isolated in people or in experi
mental animals. 

The experimental evidence sup
porting the notion that complex car
bohydrates are better in the diet than 
simple sugars is quite limited. Sever
al reports have indicated that labora
tory rats fed a diet containing starch 
following the intake of a chemical 
carcinogen showed a significantly 
lower frequency of mammary tu
mors than rats fed a similar diet con
taining dextrose (a simple sugar) in 
place of starch. Aside from the fact 
that complex carbohydrates are di
gested more slowly than simple sug
ars and therefore exert a less pro
nounced effect on the insulin-secret
ing cells of the pancreas, little is 
known about the mechanisms that 
give rise to the effects of these two 
classes of carbohydrates on experi
mental carcinogenesis. 

What does all the experimental evi
dence add up to? In general it is con
sistent with the evidence from epide
miological studies, particularly in the 
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case of the link between dietary fat 
and breast cancer. Many animal stud
ies show that high-fat diets (40 per
cent of calories) stimulate the devel
opment of mammary tumors and 
low-fat diets 00 percent of calories) 
do not. What is most interesting 
about these findings is the fact that 
the quantities of fat in the high-fat 
and the low-fat experimental diets 
are much the same as those con
sumed by people in high-risk coun
tries such as the u.s. and in low-risk 
countries such as Japan respectively. 
What remains to be determined is 
whether the risk for breast cancer 
varies steadily with fat intake .or 
whether there is instead a threshold 
below which increased fat intake 
does not increase risk. Recent stud
ies in my laboratory at the Naylor 
Dana Institute for Disease Prevention 
suggest there is a threshold some
where between 25 and 32 percent of 
total calories. 

I
n the case of studies on colon can
cer too, the experimental diets are 

similar to the diets of human popula
tions (although in this case the effect 
of fiber intake must also be taken into 
account). In contrast, experimental 
studies on retinoids and selenium 
entail quantities far exceeding rec
ommended daily allowances. As po
tential anticancer agents these sub
stances are more like prescription 
medicines than like components of a 
normal diet. 

In the end it must be understood 
that no matter how suggestive epide
miological or experimental studies 
may be, they cannot provide un-
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equivocal proof that a given person 
would be wise to cut down on fat 
in the diet, take more vitamins, eat 
more fiber and cruciferous vegeta
bles and so on. In no case has it been 
directly demonstrated that imple
menting dietary changes in a given 
individual inhibited the onset of can
cer or kept an established cancer 
from spreading. 

Definitive data could be obtained 
from experiments involving people. 
Randomized dietary-intervention tri
als could compare the effect of differ
ent diets on the appearance of dis
ease in different groups of healthy 
people. Such trials would require 
tens of thousands of subjects, moni
tored for dietary compliance over at 
least 10 years. The logistics would be 
formidable and the cost astronomi
cal, and the outcome might not be 
known for from 10 to 20 years. 

As an alternative a number of clini
cal trials are being done on people 
who are at high risk for particular 
cancers, so that results might be 
clear within five or 10 years. For 
example, a study sponsored by the 
National Cancer Institute involves 
healthy women deemed to be at high 
risk for breast cancer because they 
have a family history of the disease 
or have had benign breast disease. 
Individuals chosen at random are 
asked either to maintain their usual 
high-fat diet or to switch to one low in 
fat. Even this trial is expected to in
volve some 30,000 women, to last for 
10 years and to cost more than $100 
million. Other such trials are under 
way. One, in the U.S., will assess the 
effect of increased fiber on the inci-

dence of colon cancer in individuals 
with benign colon polyps (a high-risk 
group); another, in Italy, will study 
the effect of retinoid supplementa
tion on the appearance of second 
breast cancers in women who have 
had breast cancer. 

T
he results of the clinical trials 
now in progress are not likely to 

be available until the 1990's or lat
er. Hence one must ask whether it is 
better to ignore the indirect and cir
cumstantial evidence linking diet 
and cancer and not make specific di
etary recommendations or to act on 
a reasonable best guess and make 
interim or provisional recommenda
tions. Many experts argue on ethical 
grounds that public health recom
mendations should be based only on 
unequivocally proved findings. Oth
ers say that with more than 400,000 
deaths per year from cancer in the 
U.S., even a small reduction could 
save many lives, so that dietary rec
ommendations aimed at reducing the 
risk of cancer should be made in the 
interest of public health even if they 
are provisional. 

The National Research Council has 
taken the second course, issuing in
terim dietary guidelines based on 
the available epidemiological and ex
perimental data. As more evidence 
becomes available the recommenda
tions will surely require revision; at 
present they reflect the current state 
of knowledge. They form the basis of 
a diet that is not likely to have harm
ful effects and has a good possibility 
of reducing the risk of the major can
cers induced by diet. 
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DIET IN U.S. would change appreciably if recent recommenda

tions of the National Research Council and other agencies were 

followed. The current diet (gray) and a recommended one (color) 
are compared in terms of each component's quantity (in grams 

per day) and its share of the diet's total kilocalories and total 

weight. The aim is to reduce the intake of food items thought to 
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initiate or promote cancer and increase the intake of those 

thought to nullify or moderate the cancer-initiating or cancer

promoting effect of other items. Note that when total caloric in

take is held constant at 2,400 kilocalories, food intake by weight 

increases in the recommended diet because calorie-dense fat 

is replaced by less calorie-dense carbohydrate and by fiber. 
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Helium-rich Supernovas 

Computer modeling suggests that they result when the 
denuded core of a massive star collapses. These "peculiar" 
supernovas are close cousins of this year's bright event 

by]. Craig Wheeler and Robert P. Harkness 

T
he Rev. Robert Evans of Ha· 
zelbrook in New South Wales, 
Australia, must have learned 

to suffer tasteless jokes about his "di
rect line to God." When he can spare 
the time from his parish duties, he 
repairs to his telescope to scan oth
er galaxies in search of superno
vas: rare, catastrophic explosions in 
which, for a few weeks, a star flares 
to the brightness of its host galaxy. 
Whether it is by dedication and per
sistence or by a special talent for pat
tern recognition, Evans has compiled 
a record of discovery that is tapidly 
bec.oming legendary. Of the 66 super
novas spotted between 1983 and the 
middle of 1986, Evans discovered 10, 
the majority in relatively nearby gal
axies, where they appear bright and 
can be studied easily by professional 
astronomers. 

Evans' findings are distinguished 
by more than just their number. 
Precise, digitized spectra of light 
from two of his events, coupled with 
computer models of exploding stars, 
have forced the recognition of a new 
class of supernovas. Supernovas 
have traditionally been placed in two 
classes according to their spectra. 
Each class was thought to be associ
ated with a distinct kind of explosion 
in a specific star type: the thermonu
clear explosion of an old, dwarf star 
or the violent collapse of a bloated, 
massive star rich in hydrogen. Ev
ans' discoveries and other, related 
events-all apparently marking the 
demise of massive stars previously 
stripped of hydrogen-have unset
tled the spectral classification sys
tem, suggesting that one or both of 
the explosion mechanisms can give 
rise to either kind of spectrum. 

It was cloudy in New South Wales 
this February 23, depriving Evans of 
the opportunity to spot SN 1987 A, the 
brightest supernova since the time of 
Kepler and a major focus for super-
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nova research for decades to come. 
Instead the first to notice the explo
sion, which appeared in a nearby, ir
regular galaxy known as the Large 
Magellanic Cloud, were Ian Shelton 
of the University of Toronto, a staff 
astronomer at the Cerro Tololo Inter
American Observatory in Chile; Os
car Duhalde, a night assistant there 
and, independently, Albert Jones, 
another Australian amateur. Yet the 
study of Evans' events had prepared 
the way for SN 1987 A. The explosion 
has shown features closely related to 
those of the new class of supernovas, 
as well as a host of unconventional 
characteristics. 

The existing classification scheme 
has been in place since the 

1930's, when Fritz Zwicky of the Cali
fornia Institute of Technology started 
to catalogue supernovas. The first 
three dozen he observed were all of 
a kind. Their spectrum was incom
prehensible, different from any star's 
but similar from event to event. Their 
light curve, representing the change 
in brightness with time, was also 
characteristic: the brightness peaked 
after about two weeks, declined 
steeply for about two more weeks 
and later faded exponentially, with a 
half-life of about 50 days. 

Then Zwicky found a second kind 
of event. These were intrinsically 
less bright, which may account for 
their late discovery, and their light 
curve varied. Unlike the first group, 
these displayed spectra with a rec
ognizable feature: spectral lines of 
hydrogen. The lines represent wave
lengths at which excited hydrogen 
atoms emit photons as they undergo 
transitions between energy states. 
Rudolph Minkowski, working with 
Zwicky, distinguished supernovas 
showing the characteristic but un
interpretable spectrum and those 
showing plain spectral evidence for 

hydrogen in the ejected material as 
Type I and Type II respectively. 

Theoretical advances pointed to 
two distinct explosion mechanisms, 
which were described by Fred Hoyle 
of the University of Cambridge and 
William A. Fowler of Caltech in the 
1950's. The mechanism for Type I su
pernovas envisions, quite simply, a 
star-size bomb, powered by runaway 
thermonuclear reactions. The setting 
is thought to be a white-dwarf star: a 
compact, ancient remnant of a parent 
star no more than about eight times 
as massive as the sun that has 
burned most of its hydrogen and he
lium to the intermediate-mass ele
ments oxygen and carbon. 

A binary companion star triggers 
the explosion. Earlier in the evolu
tion of the star the companion may 
have wrested away the white dwarf's 
outer layer of hydrogen, baring its 
dense oxygen-carbon core. Later the 
white dwarf draws in matter from the 
companion. The density and temper
ature of the core increase sharply, 
and carbon there begins to fuse into 
heavier elements, among them radio
active nickel. A burning front rips 
outward, completely destroying the 
star, but the expanding cloud of ejec
ta glows brightly for many weeks as 
the nickel decays into cobalt and 
then iron. 

A more exotic mechanism powers 
Type II supernovas. Zwicky himself 
had proposed that the formation of a 
neutron star, a sphere of matter as 
dense as an atomic nucleus but sev
eral kilometers in diameter, might 
release enough energy to trigger a 
supernova-a notion that lies at the 
heart of the mechanism now recog
nized for Type II events. In the core 
of a star of more than eight solar 
masses thermonuclear burning pro
ceeds rapidly through a series of fu
sion reactions that end in nickel and 
iron, whose nucleus is the most tight-
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ly bound of any element; further fu
sion would consume rather than re
lease energy. As heat production in 
the core ends, the star collapses pre
cipitously and the protons and elec
trons of atoms in the core are forced 
together. They combine into neu
trons, with the release of a neutrino 
for each neutron formed, and the col
lapsing ball of neutrons halts and 
bounces when it is squeezed down to 
nuclear densities [see "How a Super-

nova Explodes," by Hans A. Bethe 
and Gerald Brown; SCIENTIFIC AMERI
CAN, May, 1985]. 

Although the details of the process 
are not yet clear, the collapse liber
ates an enormous amount of energy. 
Most of it is lost in a burst of neutri
nos, to which the outer layers of the 
star are transparent; the energy de
posited in the star by the neutrinos, 
combined with the shock wave gen
erated when the collapsing core re-

bounds, suffices to blow off the outer 
layers of the star. The ejecta include 
the star's extended hydrogen enve
lope, which accounts for the hydro
gen lines of a Type II spectrum. The 
nuclear matter is left behind as a neu
tron star at the center of the expand
ing cloud of ejecta. 

Two exceptions to this dichotomy 
of spectral types were noted more 
than 20 years ago by Francesco Ber
tola of the Astronomical Observatory 

PECULIAR SUPERNOVA 1 9831 flares in the galaxy NGC 405l . 
The supernova (evident as a black spot in this negative image) 
seems to coincide with an arm of the galaxy, which suggests it 
originated in one of the massive stars that are common in galac
tic arms. The event was confirmed as a member of Type Ib, a new 

class of exploding massive stars, by computer models showing 
that a variant of the star type that has been implicated in other 
events belonging to Type Ib could account for the spectrum of 
this supernova too. The photograph was made by John F. Kiel
kopf at the Moore Observatory of the University of Louisville. 
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SPECTRA from supernovas of the various types indicate light intensity across a range 
of wavelengths. Peaks and troughs in the spectra identify elements in the supernova at· 
mosphere, which absorb or emit photons at specific wavelengths. SN Ia (red) lack hy· 
drogen but show strong evidence of silicon. SN Ib (blue) show helium but no hydrogen 
or silicon, and SN II are rich in hydrogen; the two subclasses of SN II, SN lI·p (green) and 
SN II-! (black), vary both in details of their spectra and in the way their brightness 
changes over the course of time. The spectra were obtained by Beverley H, Wills, Derek 
Wills and Russell M. Levreault at the McDonald Observatory of the University of Texas. 

in Padua. Bertola reported that the 
spectra of two supernovas, SN 1962L 
and 1964L, showed no evidence of 
hydrogen, which marked the events 
as Type I. The spectra of classical SN 
I at maximum light, however, consist 
of lines of intermediate· mass ele
ments formed in the explosion-oxy
gen, magnesium, silicon, sulfur and 
calcium-all Doppler-shifted by the 
rapid expansion of the supernova 
ejecta. Bertola's exceptions, which 
he called "peculiar" Type I superno
vas, lacked one of the strongest of 
the lines: a 6,l50-angstrom-unit ab
sorption line that is attributed to ion
ized silicon. (An element's absorp
tion lines are seen when the atom or 
ion lies in front of a bright back
ground of radiation, which it scatters 
out of the line of sight by absorbing 
and reemitting photons.) 
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As with so many unexplained "ex
ceptions," Bertola's observations at
tracted little attention, other than 
an occasional reference in the litera
ture, included for the sake of hones
ty. The situation changed dramatical
ly with Evans' discovery of superno
vas 1983N and 1984L. Bertola had to 
rely on photographic spectra, from 
which it is difficult to judge the abso
lute intensity of individual spectral 
lines. New digital spectrographs, in 
contrast, not only show whether a 
line is present but also yield quantita
tive data on the intensity and shape 
of spectral features. Now the loose 
threads represented by SN 1962L and 
1964L led to the raveling of a curtain 
and the opening of a new vista of su
pernova research. 

In the broadest terms, the spectra 
of 1983N and 1984L marked them 

as Type I: they showed no evidence 
of hydrogen. They also lacked the 
6,l50-angstrom silicon line, which 
linked them with Bertola's peculiar 
Type I events. Nevertheless, spec
tra obtained at maximum brightness 
showed the same cluster of lines be
tween 4,000 and 6,000 angstroms, 
probably resulting from excited 
states of iron, as spectra of three
week-old Type I events do. The pecu
liar events, according to a short-lived 
aphorism, were "born old." This 
catchy phrase suggested that the pe
culiar events were variants of classi
cal Type I events but generically re
lated to them. 

The apparent relation eroded as 
we proceeded to study the spec

tra. We found that the expanding gas
es from the peculiar supernovas con
tain helium, an element never defini
tively detected in the spectrum of a 
classical Type I or Type II event. The 
spectra showed a strong absorption 
line at 5,700 angstroms, exactly the 
frequency at which the 5,876-ang
strom line of neutral helium falls 
when it is Doppler-shifted by 7,500 
kilometers per second, a typical ex
pansion velocity for the atmosphere 
of a supernova. The same Doppler 
shift also brought three other helium 
lines into coincidence with observed 
spectral features. The new events 
(termed SN Ib) were a breed apart 
from classical Type I events. 

Other features of the events sug
gested that they in fact bear some 
relation to Type II explosions. Clas
sical Type I events (now SN Ia) of
ten are observed in elliptical galax
ies, which are populated mainly by 
small, old stars-progenitors that re
quire the thermonuclear-explosion 
model. Type II events, in contrast, 
usually flare in so-called H II regions: 
patches of ionized hydrogen, com
mon in the arms of spiral galaxies, 
that represent the birthplace of stars 
and include many young, massive 
stars. SN 1983N, SN 1984L and Berto
la's two events all seemed to fall in or 
near an H II region. 

The events shared a second fea
ture of SN II: detectable radio signals. 
Using the Very Large Array of radio 
telescopes in New Mexico, Richard A. 

Sramek of the National Radio Astron
omy Observatory, Nino Panagia of 
the Space Telescope Science Institute 
and Kurt W. Weiler of the National 
Science Foundation observed radio 
emissions from both SN 1983N and 
SN 1984L and traced the radio "light 
curve" at various frequencies as the 
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power decayed. Such emissions, ac
.cording to a· plausible explanation 
put forward by Roger A. Chevalier of 
the University of Virginia, are gener
ated when a supernova shock wave 
catches up to a circumstellar "wind" 
that is composed mainly of hydro
gen blown off a star before the explo
sion. Massive stars, which are very 
bright, naturally expel such a wind 
by radiation pressure; the explana
tion therefore requires that the ex
ploding star be massive or have a 
massive companion. 

How could one make sense of the 
traits SN Ib displayed-the seeming 
links to both Type I and Type II and 
the evidence for helium, which sets 
the new category apart from both 
classical types? What kind of explo
sion was occurring, and in what kind 
of star? To interpret the evidence we 
turned to a new analytical tool: com
putational models that predict the 
spectrum of light emitted from a su
pernova with given characteristics. 
The expanding supernova atmos
phere is modeled as a set of concen
tric shells, each of them containing 
matter with a specified composition, 
density, temperature and radial ve
locity. The computation then traces 
radiative transfer through the shells: 
how light at each frequency is gener
ated, scattered or absorbed by excit
ed atoms or ions as it flows toward 
the visible surface of the supernova. 
The result of the computation is the 
predicted spectrum of light from the 
explosion. 

The calculations were pioneered 
by David Branch of the University of 
Oklahoma. In current versions radi
ation is assumed to be transported 
through matter in local thermody
namic equilibrium, that is, matter in 
which the proportion of each species 
of atom or ion in an excited state de
pends only on the energy of the state 
and the local temperature. The com
putations also take into account the 
effect of the supernova's rapid ex
pansion on the coupling between ra
diation and matter. A large Doppler 
effect, for example, arises because a 
supernova's expansion velocity in
creases with distance from the cen
ter. From the point of view of any 
atom in the ejecta, matter is receding 
in all directions, with the result that 
radiation coming from all directions 
is red-shifted (Doppler-shifted to
ward the red, or longer-wavelength, 
end of the spectrum). Moreover, the 
ejected matter is moving at some 
fraction of the speed of light, which 
gives rise to relativistic effects. 

To allow for these effects of rapid 
expansion, the equations of radiative 
transfer are solved in a reference 
frame that is moving with the matter. 
Calculating the interplay of matter 
and radiation in a "comoving frame" 
gives the frequencies and intensities 
that are transferred outward. A final 
transformation of the results, from 
the moving frame of the supernova 
ejecta to the stationary frame of the 
observer, yields the predicted spec
trum. Such calculations tax the mem
ory and speed of the fastest super
computers. 

A ttempts to construct simple mod
.t-\.el supernovas that reproduced 
the observed spectrum of SN Ib 
events gave insight into their compo
sition and mass. The models speci
fied plausible profiles of temperature 
and density and a composition con
sisting of a large amount of helium 
and smaller amounts of oxygen and 
carbon, elements that are thought 
to be abundant in the core of mas
sive stars. A Cray XMP/24 at the Uni
versity of Texas' Center for High Per-
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formance Computing, supplemented 
by various other supercomputers at 
the national centers supported by the 
National Science Foundation Office of 
Advanced Scientific Computing, pro
vided the computing power. 

The spectrum calculated for a mod
el composed of 90 percent helium, 
1 percent carbon, 9 percent oxygen 
and small proportions of heavier ele
ments (a composition thought to be 
typical of massive stars) gave some 
resemblance to the observed spec
trum. The helium absorption line
the most crucial feature-was too 
faint, however. Since even a very 
high proportion of helium could not 
reproduce the observed line, the he
lium in the SN Ib atmosphere must 
be excited beyond thermodynamic 
equilibrium. Multiplying by 100 the 
number of helium atoms predicted 
to occupy excited levels at equilibri
um gave a theoretical spectrum that 
closely matched the spectrum of SN 
1984L at its peak. 

What could generate anomalously 
high helium excitation in an actual 
supernova is not known, but the ex-

-50 o 50 100 150 200 250 300 350 400 

DAYS AFTER MAXIMUM LIGHT 

CHARACTERISTIC LIGHT CURVES of supernova types trace their change in bright
ness (plotted on a logarithmic scale). The light curve of SN Ia (red), on the average the 
brightest kind of supernova, drops steeply after maximum light and then begins a 
smooth, exponential decline that has a half-life of about 50 days-the behavior that is 
expected if such supernovas shine by radioactive decay_ SN Ib (blue) are dimmer and 
their light curve is less well understood, but radioactive decay is thought to power the 
curve's tail. Type II-p events (green) are so called because their brightness levels out 
in a plateau soon after its peak, whereas Type II-I supernovas (black), which probably 
contain less hydrogen and may have a different explosion mechanism, fade linearly. 
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T HEORETICA L SPECTRA calculated for an exploding massive star composed of 90 
percent helium, 9 percent oxygen, 1 percent carbon and traces of heavier elements are 
compared with the observed spectra of a Type Ib supernova (SN 1984L) near its maxi
mum brightness (black) and three weeks later (gray)_ The resemblance suggests that SN 
Ib originate in helium-rich massive stars; to match the strong helium absorption line at 
5,700 angstrom units, however, the calculations had to assume that the fraction of ex
cited helium atoms is many times higher than the temperature of the supernova atmos
phere would warrant_ In the model that gives the best match to the maximum-light 
spectrum (dark color), helium is excited by a factor of 100; a factor of 104 gives the best 
match to the spectrum of the supernova three weeks after maximum light (light color). 

tremely low density of the ejecta and 
the resulting infrequency of atomic 
collisions may play some role. Colli
sions, which tend to knock excited 
atoms or ions back into lower ener
gy levels, act as a restoring force in 
maintaining thermodynamic equilib
rium. Favoring the possibility that 
the strong helium line results from 
an imbalance between excitation (by 
radiation from deeper layers of 
the ejecta) and deexcitation (by colli
sions) is the fact that the helium lines 
grow stronger as the supernova ages 
and continues to thin out. Whereas 
an enhancement of 100 in the excit
ed-level populations was sufficient to 
match the spectrum of SN 1984L at 
maximum light, an enhancement of 
104 was needed for a theoretical spec
trum that fitted the supernova's spec
trum three weeks later. 

T
he radiative-transfer calculations 
thus showed that the spectral 

features of SN Ib could well originate 
in the explosion of a helium-rich mas
sive star. Varying the mass of the 
model star to achieve the best match 
with the observed spectra showed 
that the mass of the exploding mate
rial had to be roughly several times 
that of the sun. 

The models also confirmed that 
two more events belong to the class 
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SN lb. SN 19831 and 1983V, discov
ered respectively by D. Yu. Tsvetkov 
of the Sternberg Astronomical Insti
tute and by Evans, attracted little 
notice at the time.]. H. Elias and his 
colleagues at Caltech identified SN 
19831 as Type Ib from the similarity 
of its light curve at infrared wave
lengths to light curves of SN 1983N 
and 1984L. Spectra also suggested a 
relation to SN Ib: they lacked hydro
gen features and the 6, 150-angstrom 
silicon line. The characteristic 5,700-
angstrom helium line, however, was 
apparent only as a shallow dip in 
intensity. 

The relation of these events to SN 
Ib was strengthened by the demon
stration that a variant of the theoreti
cal 1)10del reproducing the original 
SN Ib spectra could also account for 
the new spectra. The variant speci
fied an atmosphere enriched in car
bon and oxygen and depleted in heli
um. Oxygen and carbon readily lose 
electrons to become ionized, and free 
electrons scatter photons of all wave
lengths. Electron scattering reduces 
the contrast between an absorption 
trough and the surrounding wave
lengths in a spectrum; in this case, 
the model showed, the electron scat
tering due to the increased oxygen 
and carbon further diluted helium 
lines already weakened by the re-

duction in helium. A model contain
ing 10 percent helium, 10 petcent car
bon and 80 percent oxygen, again 
with small admixtures of heavier 
elements, gave an adequate match 
to the observed spectra. SN 19831, 
1983N, 1983V and 1984L apparently 
all belong to the class SN lb, but the 
class is heterogeneous, encompass
ing events with a wide range in the 
ratio of helium to oxygen. 

T
hese theoretical models of at
mospheres help to make sense of 

the early days of a supernova: the 
first month or so after the explosion, 
when the ejected matter is optical
ly thick and each photon interacts 
many times with electrons or ions in 
the high-velocity gas. The detected 
radiation reveals the properties of 
the supernova only at the surface of 
the optically thick region-the depth 
from which photons can escape di
rectly. Ever deeper layers are probed 
as the matter expands and thins out. 
Finally, after a month or so, the ejecta 
become so optically thin that radia
tion from any of the expanding mat
ter can reach the observer directly. 
This tenuous remnant of a superno
va has been called its supernebular 
phase, and it holds its own clues to 
the nature of SN lb. 

A supernova's spectrum changes 
as it enters the supernebular phase. 
In the early days after the explosion 
the spectrum is composed of "per
mitted" lines: lines that represent the 
absorption or emission of photons in 
the course of quantum-mechanical
ly favored energy transitions. Only 
such transitions, which occur quick
ly, can leave their signature on the 
spectrum of the expanding atmos
phere; transitions that take place 
more slowly are forestalled by atom
ic collisions, which dissipate the en
ergy of an excited atom or ion before 
it can be radiated. In a spectral plot 
of intensity against wavelength each 
permitted line is marked by an emis
sion peak juxtaposed with a trough 
(indicating absorption) at a slightly 
shorter wavelength. Matter expand
ing directly toward the observer pro
duces the trough by scattering pho
tons from deeper, opaque regions of 
the supernova. 

In the supernebular phase, in con
trast, "forbidden" lines dominate the 
spectrum. Such lines represent tran
sitions taking place so slowly that 
they are never seen in laboratory 
gases. They are favored in the thin 
supernebular gas, however, where 
the interval between collisions is so 
long that each atom or ion can ab-
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sorb and release energy virtually in 
·isolation. Because a photon released 
in this optically thin environment is 
extremely unlikely to be scattered, 
forbidden lines are evident only as 
emission peaks. 

Not only does a given element 
show different spectral features in 
the supernebular phase but also the 
supernova as a whole manifests a 
new composition, enriched in heavi
er elements that were hidden earlier 
in the explosion. Timothy S. Axelrod 
of the Lawrence Livermore National 
Laboratory has shown, for instance, 
that the supernebular spectrum char
acteristic of SN Ia events can be re
produced by overlapping forbidden 
emission lines from an expanding 
cloud of ionized iron and cobalt-the 
expected products of the runaway 
thermonuclear burning thought to 
power a Type Ia supernova. James 
Graham, Peter Meikle and their col
leagues at the Imperial College of 
Science and Technology in London 
have identified smaller quantities of 
iron in the supernebular phase of a 
Type Ib supernova (SN 1983N). 

The supernebular phase of SN Ib 
events also shows an entirely distinc
tive feature: evidence of large quanti
ties of oxygen. This feature was es
tablished indirectly, beginning with 
the discovery of SN 1985 F by Alexei 
V. Filippenko of the University of Cal
ifornia at Berkeley and Wallace L. W. 

Sargent of Caltech. The supernova 
was discovered in its supernebular 
phase, many months after maximum 
light. Its supernebular spectrum was 
unprecedented, displaying very in
tense emission lines of oxygen. 

A few months later a spectrum of 
SN 1983N that had been obtained 
about eight months after maximum 
light was finally corrected for instru
mentation bias, and it proved to be 
strikingly similar to the spectrum of 
SN 1985F. The similarity led immedi
ately to two remarkable conclusions. 
The first was that Type Ib superno
vas evolve into a unique, oxygen
dominated supernebular phase quite 
unlike the supernebular phase either 
of SN Ia or of SN II (whose supernebu
lar phase, like earlier epochs of the 
explosion, is dominated by hydrogen 
lines). The second was that SN 1985F 
was not unique but a member of the 
class SN lb. 

A great deal of effort is now be
ing spent to interpret the superneb
ular spectrum of SN Ib and model 
this phase of the explosion. Presum
ably the spectrum reveals oxygen
enriched inner layers of ejecta, but 
what is the source of the oxygen? 

AGING OF A SUPERNOVA changes its spectral characteristics. In the early phase of the 
explosion (top) light is emitted from the surface of a hot, opaque central region and is 
scattered in the surrounding semitransparent material. The supernova is expanding; 
photons from matter moving toward the observer are blue-shifted (Doppler-shifted to
ward shorter wavelengths), photons from matter moving laterally remain at their rest 
wavelength and photons from matter moving away are red-shifted. Elements along the 
line of sight to the core scatter photons away from the observer, and so a blue-shift
ed absorption dip marks each spectral feature. An emission peak accompanies each 
trough; the peak results as photons emitted away from the line of sight are scattered 
toward the observer. After a month or so, in the supernebular phase (bottom), all 
the material is transparent and light can reach the observer directly from any point. 
Because very few photons are scattered, each feature forms a pure emission peak. 

Both a white dwarf (in some mod
els) and a massive star are expected 
to contain oxygen-rich regions. The 
strength of the superne bular oxygen 
lines, which seem to indicate sever
al solar masses of oxygen, suggests 
to us that the interior of a disrupted 
massive star is the likelier origin. 

Thus the spectral evidence, the ra
dio observations and the associa

tion of SN Ib events with H II regions 

all suggest that supernovas of this 
new class originate as massive stars. 
Considerations of stellar populations 
and their evolution, supplemented 
with further theoretical modeling, 
lead to a more speCific hypothesis 
about the progenitors. 

First of all, the explosions are not 
likely to occur in only the most mas
sive stars-stars of more than 30 so
lar masses. Such stars are too rare to 
account for the growing list of SN Ib 
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SUPERNOVA LOCATION IN SUPERNEBULAR 
HELIUM HOST GALAXY OXYGEN 

1954A ? HIGH? ? 

1962L H II REGION LOW ? 

1964L SPIRAL ARM LOW ? 

1982R ? LOW? ? 

19831 SPIRAL ARM LOW ? 

1983N H II REGION HIGH HIGH 

1983V H II REGION LOW ? 

1984L H II REGION HIGH HIGH 

1985F H II REGION ? HIGH 

1986M ? LOW? ? 

TYPE IB SUPERNOVAS, suspected and confirmed, are listed together with their defin
ing traits_ Early SN Ib candidates have been included on the basis of archival spectra_ 

events [see table above], which by 
now suggests that they may explode 
about as often as SN la and SN IL Light 
would diffuse slowly out of a very 
massive supernova, moreover, giv
ing SN Ib light curves a very different 
shape from what is observed. Finally, 
evolutionary models suggest that the 
strong stellar wind of a very massive 
star would ultimately remove not 
only all the star's hydrogen (which 
would be in keeping with the ob
served composition ofSN Ib) but also 
all its helium. 

Could SN Ib represent exploding 
white dwarfs, contrary to the indi
cations that the progenitor stars 
are young and massive? Atmosphere 
models show that spectral lines from 
the abundant iron in an exploding 
white dwarf would swamp any heli
um features, which makes this possi
bility also seem quite remote. 

SN 1985F 

There is a middle ground: the cores 
of stars that once had a mass of be
tween eight and 25 solar masses but 
have somehow lost their hydrogen 
envelope. Stars in that mass range 
are thought to account for most SN 
II events, and SN Ib would presuma
bly have the same explosion mecha
nism: a core collapse that would com
pact some of the core into a neutron 
star and generate a shock wave, 
blowing off the rest of the star's mass. 
First the helium-rich outer layers of 
the progenitor star would be exposed 
and then its oxygen-rich intermedi
ate layers. 

How would the progenitor have 
lost its hydrogen envelope? Stars of 
less than 25 solar masses are not lu
minous enough to eject their enve
lopes spontaneously in a strong stel
lar wind. They probably must rely on 
a companion star to pull off their hy-

o 
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SUPERNE BULAR SPECTRA of two Type Ib supernovas show an emission peak suggest
ing the presence of oxygen. The element, first seen in the supernebular phase of SN 
1985F and later in archival spectra from SN 1983N, probably originates in oxygen-rich 
inner layers of a progenitor star. The spectra were obtained at the McDonald Observa
tory by Harriet Dinerstein and Donald Garnett (l985F) and by Martin Gaskell (l983N). 
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drogen layer, exposing thE; helium 
and heavier elements. In this picture 
SN Ib would differ from many Type II 
events only in that the latter come 
from massive stars having either no 
companion star or a very distant one 
with which they never interact; SN 
Ib, on the other hand, occur among 
the fraction (perhaps half) of the stars 
in the same mass range that happen 
to have a close companion. 

This suggestion may solve a puz
zle of stellar evolution posed by a 
major class of binary X-ray sources 
that consist of a neutron star orbiting 
a rather massive companion. (Matter 
falling from the companion onto the 
neutron star emits the X rays as it 
is compressed and heated.) Presum
ably such X-ray sources originated 
as binary systems containing two 
massive stars, and the more mas
sive partner evolved and collapsed 
to form the neutron star. Given that 
the abrupt loss of most of the star's 
mass in the explosion could well 
have destabilized the binary system, 
the star probably had already lost its 
outer hydrogen envelope (and there
fore most of its mass) into space or to 
the gravitational pull of its compan
ion. Hence the stellar core that ulti
mately exploded would have been 
deficient in hydrogen. The binary X
ray sources, in other words, may be 
relics of Type Ib supernovas. 

More generally, the possible close 
relation between SN Ib and SN II 
events means that the new kind of 
supernova can offer insight into clas
sical core-collapse explosions. At
tempts to understand the process by 
which core collapse in a massive star 
can lead to an explosion have con
sumed many man-years of work and 
hundreds of hours of computer time, 
but they have been hampered by a 
lack of observational detail with 
which to compare the theory; the 
thick hydrogen envelope of Type II 
events masks spectral features from 
deeper layers. Computer models ap
plied to the direct observations of the 
supernova interior available in SN Ib 
explosions should make it possible 
to glimpse the inner workings of core 
collapse. 

The realization that core collapse 
can generate a spectrum resembling 
the spectrum of classical Type I 
events, with their very different ex
plosion mechanism, has focused at
tention on the classification of super
novas. Clearly the physics of super
novas are not constrained by any 
spectral classification scheme. Just as 
either explosion mechanism can pro
duce a hydrogen-deficient spectrum, 
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so there are now serious suggestions 
·that some Type II events may repre
sent a completely disruptive thermo
nuclear explosion within a hydrogen 
envelope. As our understanding of 
supernova explosions evolves, the 
existing classification scheme will in
evitably become less important. 

A n appreciation of this new com
!-\.plexity was emerging when SN 
1987A flared in the night sky. Data 
are still being gathered and feverish
ly analyzed, but it is already clear 
that the new event represents the 
collapse of a massive star in still 
another configuration. In one sense 
the explosion provided a spectacu
lar vindication of theory: the burst 
of neutrinos from the collapse of a 
stellar core into a neutron star was 
observed directly 'for the first time. 
Detectors in Japan and Ohio-giant 
baths of water, specially instrument
ed and placed deep in mines to shield 
them from cosmic rays-registered 
the arrival of the neutrino burst just a 
few hours before the first light from 
the supernova reached the earth. 

In another sense the new superno
va presents a theoretical challenge. 
The spectrum shows clear evidence 
for hydrogen, which marks the event 
in general terms as an SN II. Yet a 
massive star at the end of its short 
lifetime, when it is susceptible to a 
core collapse, has usually bloated 
into a cool, red supergiant. The pro
genitor star of SN 1987 A has been 
identified from preexisting images as 
a blue supergiant: a more compact 
and therefore hotter stage in the ca
reer of a massive star, never before 

RELATED SCENARIOS may give rise to 
both Type II supernovas (left) and Type Ib 
events (right). A Type II explosion can be
gin with a massive star (1) that has aged 
and bloated into a red supergiant-a star 
consisting of an extended hydrogen enve
lope (2) and a layered core of heavier ele
ments (3). The core collapses to form a 
neutron star, releasing neutrinos (4) and 
generating a shock wave that blows off 
the star's outer layers (5). Often the explo
sion leaves behind a pulsar: a powerful 
source of radio waves produced as the 
neutron star spins rapidly within its own 
magnetic field (6). The SN Ib progenitor 
star may differ only in having a massive 
binary companion. As the star bloats, 
some matter is expelled from the system 
and some is drawn into the companion, 
leaving a bare core that collapses and 
explodes just as in a Type II event. In 
the aftermath of the supernova the neu
tron star might accrete material from the 
companion star. The material would emit 
X rays as it was compressed and heated. 
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SUPERNOVA 1 987 A gleams next to a star-forming nebula known as 30 Doradus in the 
Large Magellanic Cloud (top)_ The supernova's spectrum (middle) combines a visible
light spectrum provided by Mark M_ Phillips of the Cerro Tololo Inter-American Obser
vatory and an ultraviolet spectrum from the International Ultraviolet Explorer (WE) sat
ellite, provided by Robert P. Kirshner of the Harvard-Smithsonian Center for Astrophys
ics. Hydrogen lines mark the event as Type II. Several features of the event, however, 
are anomalous, among them the shape of the hydrogen absorption lines, the ultraviolet 
spectrum and the shape of the light curve (bottom). The curve, made by Kirshner and 
George Sonneborn of the Computer Sciences Corporation from WE data, shows an 
anomalous decline in brightness soon after the explosion, an unusually slow climb 
to maximum light and an exponential decline probably driven by radioactive decay. 
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known to explode. It  probably had a 
mass of between 15 and 20 solar mas
ses-the same mass range expected 
for SN Ib and some SN II. 

. 

The evolution of the explosion it
self calls for a compact progenitor: 
the neutrinos, released at the mo
ment of core collapse, arrived three 
hours at most before the first light, 
generated when the shock wave 
reached the surface of the star. From 
the lag and the estimated shock
wave velocity, W. David Arnett of 
the University of Chicago, Stanford 
Woosley and his collaborators at the 
University of California at Santa Cruz 
and groups in West Germany, the 
Soviet Union, Japan and elsewhere 
have determined that the radius of 
the supernova progenitor must have 
been about 30 times the radius of the 
sun-some 25 times smaller than a 
red supergiant. 

The compactness of the progenitor 
probably explains another notable 
feature of SN 1987 A: although it 
looked extremely bright thanks to its 
relative closeness, it did not reach 
the absolute brightness typical of an 
SN II or SN lb. In any core-collapse su
pernova some of the energy deposit
ed by the shock wave goes into ex
panding the star and making it dif
fuse enough to radiate efficiently. 
The smaller the progenitor star is, 
the more heat is converted into mo
tion and the less energy is ultimate
ly available to make the superno
va shine. (SN la, which originate in 
white dwarfs, would hardly shine at 
all if it were not for the delayed re
lease of heat by radioactive decay.) 

SN 1987 A dimmed anomalously 
during the first week after it was 
sighted and then brightened contin
uously for 10 weeks, in an unprec
edentedly long climb to maximum 
light. It later settled into an exponen
tial decline in brightness, which is 
the pattern expected if the source 
of this late light is the decay of radio
active cobalt and nickel produced in 
the explosion. Radioactive decay is 
now suspected of contributing to the 
brightness not only of SN la events 
but also ofSN Ib and some SN II. 

One thing is clear: continuing ob
servations of SN 1987 A will both al
ter and extend our comprehension of 
collapSing massive stars. Still more 
progress will come from an integra
tion of all our knowledge. Compari
sons of Type la, Type Ib and Type II 
events with SN 1987 A will yield a 
wealth of information and a deeper 
understanding of the myriad mani
festations of stellar catastrophe. 
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II Jbu think they look hnppy? You should 
see the guys in admissitms. 

Good as the Bradley name has always been, it's 
not yet on everyone's lips. Thafs always made the 
competition for studen and faculty harder for us. 
But now Bradley's changing the way we educate by 
changing the way we communicate. �'ve built a 

futuristic, electronicalo/. unified campus around 
AT&T voice and data networking. Now offices, 
labs, libraries and dorms are linked. And as for 
results, well, an extra 50 members of the class of 
1991 can tell you, 

AT&T Comes Through. " 
-Dr. Martin G. Abegg, President 

Bradley University 

The AT&T Intelligent Campus 
In place of mUltiple phone systems and incompatible 

computers, Bradley University now has a single fiber optic 
network, controlled by an AM System 85 voice and data 
switch and an AM Information. Systems Network. All 
financed through the AM Credit Corporation. 

Now mail and messaging for faculty and staff move 
electronically. Students can tap nine host computers at five 
locations from their dorm rooms via Am PC 6300s. And 
executives at nearby companies can take graduate courses 
via Am Teleconferencing. 

What's more, reselling Am WATS on campus reduces 
payback time on the whole system by a fun year. 

To learn more contact your Am Account Executive 
or call 1800 247-1212. 

From equipment to networking, from computers 
to communications, Am' is the right choice. 
CI987 }illlT 

.ATS.T 
§ The right choice. 
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Artificial Chromosomes 

In its infancy genetic engineering was confined to the manipulation 
of individual genes. Now the same strategies can be used to create 
whole chromosomes in order to investigate chromosome behavior 

by Andrew W. Murray and Jack W. Szostak 

T
he genes of higher organisms 
are borne on chromosomes, 
ribbons of DNA much longer 

than any single gene itself. The cells 
of human beings have 46 chromo
somes each, the cells of a pea plant 14 
and those of a fruit fly eight. In this 
era of genetic manipulation, individ
ual genes are the primary focus of at
tention and chromosomes may seem 
to be little more than vehicles for 
moving genes around during cell di
vision. Actually that is what chromo
somes are meant to do. Their task is 
not simple, however, and their mech
anism of action is far from apparent. 
How do chromosomes know where 
to go during cell division? 

To address that question, we em
barked five years ago on an effort to 
construct chromosomes from their 
raw materials. Because we were the 
architects of these molecules, we 
could deprive them of various func
tional elements and take note of the 
chromosomes' behavior in the ab
sence of such elements. We have suc
ceeded in making artificial chromo
somes that replicate faithfully in a 
living cell and that are evenly dis
tributed between the two "daugh
ter" cells when the "mother" cell di
vides. We have also made many 
chromosomes that do not distribute 
well at all, and in the process we have 
learned a few things about the factors 
governing chromosome inheritance. 

Our interest in chromosome be
havior is more than academic. The 
existence of life itself depends on the 
accuracy of the genetic transmission 
mediated by chromosomes. The con
sequences of errors in chromosome 
distribution can be disastrous. Most 
often cells that have inherited the 
wrong number of chromosomes die, 
and those that do not die are usually 
abnormal. The human birth defect 
Down syndrome, for instance, is 
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caused by an error in chromosome 
distribution that leaves every cell in 
the victim's body with an extra copy 
of chromosome 21. 

Artificial chromosomes may also 
become a useful tool in genetic engi
neering. Current means of introduc
ing foreign DNA into a cell cannot 
accommodate large genes or gene 
clusters. Our artificial chromosomes 
have a much greater capacity. Al
ready other laboratories have been 
able to propagate human genes in 
yeast cells by inserting them in artifi
cial chromosomes. 

I
n order to make artificial chromo
somes that function like their natu

ral counterpart, we needed to be able 
to manipulate the elements involved 
in chromosome behavior. The raw 
material of all chromosomes consists 
of two helical DNA strands wrapped 
around each other in a kind of spiral 
staircase. The strands are made up of 
bases called A, G, T and C. The bases 
on one strand pair with the bases on 
the opposite strand to hold the two 
strands together, and the pairing is 
strictly ordered: A binds with T and 
G binds with C. Hence the strands 
are said to be complementary, and 
from the base sequence of a single 
strand one can deduce the sequence 
of its partner. 

Actually that is how the cell is able 
to duplicate its set of chromosomes 
prior to mitosis, or cell division. Dur
ing DNA replication the two strands 
of the double helix are separated and 
each acts as the template, or guide, 
for the synthesis of a complementa
ry strand. In this way two chromo
somes arise where only one existed 
before. Then in mitosis the two iden
tical "sister chromatids" are pulled 
apart by slender spindle fibers that 
radiate from opposite poles of the 
dividing cells. This segregation en-

sures that each daughter cell con
tains a full set of chromosomes on 
completion of cell division. 

It is thought that three chromo
somal elements are necessary to 
accomplish replication and segrega
tion. One is the origin of replication, a 
site on a chromosome at which syn
thesis of the new DNA begins. Be
cause chromosomes are very long 
and replication is very slow, there 
are in fact many origins of replication 
on a single chromosome and many 
enzymes work in concert to produce 
the sister chromatids. Another ele
ment necessary for proper chromo
some function is the centromere, a 
segment of DNA to which the spindle 
fibers attach during mitosis. The cen
tromere is often but not always at the 
center of a chromosome. Finally, re
petitive DNA sequences at each end 
of a chromosome are needed to pro
tect terminal genes from degrada
tion; these are called telomeres (from 
the Greek telos, meaning "end"). 

In this article we shall discuss re
cent progress in understanding how 
these elements contribute to the 
faithful inheritance of chromosomes. 
Most of the relevant studies were 
done in yeast, a single-cell organism 
that is easily manipulated and in 
many respects resembles the cells of 
higher organisms. Inheritance errors 
are rare in yeast, occurring only once 
in every 100,000 cell divisions. 

Yeast is also the only organism 
known so far in which the centro
meres, telomeres and origins of rep
lication are short, well-defined seg
ments of the DNA molecule. Yeast 
cells have 16 chromosomes that vary 
in length from 300,000 to more than 
two million base pairs. (Human chro
mosomes are much larger: their av
erage length is some 100 million base 
pairs.) The functional elements of 
yeast chromosomes range in length 
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from 100 to 1 ,000 base pairs. In con
trast, the centromeres of other organ
'
isms (guessing from what little is 
known about them) may be as many 
as one million base pairs long. 

H
ow were these chromosomal ele
ments harnessed for our exper

iments? Origins of replication were 
the first to be cloned. Eight years ago 
Kevin Struhl, Dan T. Stinchcomb, 
Stewart Scherer and Ronald W. Davis, 
then all at Stanford University, found 
they could get pieces of yeast DNA to 
replicate independently of the yeast 
cell's own chromosomes if the piec
es were combined with certain other 
segments from yeast chromosomal 
DNA. The DNA sequences that confer 
the ability to replicate free of the 
chromosomes are probably the same 

sequences that act as origins of repli
cation on chromosomes. 

DNA molecules that can replicate 
freely are known as plasmids. Most 
plasmids, including those the Stan
ford investigators constructed, are 
circular, rather than linear like most 
chromosomes. In spite of their ability 
to replicate, these plasm ids do not 
behave like normal chromosomes 
when it comes time to segregate. Of
ten both copies of the plasmid are 
retained in the mother cell during mi
tosis. This phenomenon reinforces 
the idea that additional chromoso
mal elements are necessary to direct 
the inheritance of DNA molecules af
ter replication. 

In 1980 Louise Clarke and John A. 
Carbon of the University of California 
at Santa Barbara cloned the DNA that 

constitutes the yeast centromere. 
The centromere sequences exert a 
remarkable effect on plasmids into 
which they are inserted: such plas
mids segregate correctly in 99 per
cent of cell divisions. The centro
meres from 12 of the 16 yeast chro
mosomes have now been cloned and 
studied in detail, and their sequences 
are quite similar. It is thought these 
regions are the sites of attachment 
for microtubules, tiny rods that make 
up the spindle fibers. Chromosomes 
without centromeres probably can
not attach to the mitotic spindle and 
will therefore segregate randomly at 
best (that is, half of the time sister 
chromatids will segregate to different 
cells and half of the time they will 
stay in one cell). 

Telomeres were the last chromoso-

TRICOLOR YEAST COLONIES reveal the inheritance of artifi

cial chromosomes. Because the chromosomes contain a gene in

hibiting pigmentation, cells with one copy are pink, cells with 

two copies are white and those with no copies are red. Each colo-

ny of 10 million cells is derived from a single ancestral cell. 

Hence if artificial chromosomes are properly meted out dur

ing cell division, all the cells in a colony will be the same color 

(left), but errors in inheritance produce sectors of color (right). 
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MITOSIS is the process by which one cell divides into two identi

cal daughter cells_ The behavior of chromosomes in mitosis in

cludes replication to produce sister chromatids (1,2), which seg-

regate into separate cells (3-5)_ Segregation is accomplished 

with the aid of spindle fibers (red) that radiate from the poles of 

a dividing cell and pull sister chromatids in opposite directions. 

mal element to be cloned from yeast; 
their terminal position precludes ma
nipulation by standard methods of 
genetic engineering. For many years 
natural telomeres were studied in a 
type of protozoan in which the ele
ments are particularly abundant. In 
1982 one of us (Szostak) and Eliza
beth H. Blackburn of the Universi
ty of California at Berkeley devised 
a way to use these protozoan telo
meres to build a DNA molecule that 
could replicate in yeast cells and re
main linear. Soon after that we ex
tended our technique to clone the 
telomeres of yeast. At about the same 
time Ginger M. Dani and Virginia A. 
Zakian of the Fred Hutchinson Can
cer Research Center in Seattle also re
ported cloning yeast telomeres. 

B
ecause telomeres are nec.essary to 
preserve the integrity of a linear 

chromosome in a cell, the cloning 
of telomeres allowed us to consider 
making an entire artificial chromo
some. We could now manipulate all 
the elements that were thought to 
control chromosomal replication and 
segregation; with these elements at 
our disposal the construction was 
fairly simple. In 1983 we made our 
first chromosome. It was quite short: 
with only 1 1  ,000 base pairs, it was 
less than 5 percent as long as the 
shortest natural yeast chromosome. 

Construction of an artificial chro
mosome proceeds stepwise, begin
ning with a bacterial plasmid that is 
commonly used as a cloning vector. 
At each step we cut the plasmid DNA 
with enzymes, creating a gap into 
which we splice a gene or one of the 
three chromosomal elements. First 
we insert genes conferring distinc
tive qualities that will indicate which 
yeast cells have picked up the chro
mosome; these genetic signals may 
turn yeast cells a certain color or may 
allow the cells to grow in the absence 
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of some normally essential nutrient. 
Then we add origins of replication 
and a centromere. Finally two fused 
telomeres are spliced into the plas
mid. When the plasmid is put into a 
yeast cell, enzymes clip the fused ter
mini into two functional telomeres, 
turning the circular molecule into a 
linear one. 

What did we hope to learn from the 
behavior of the artificial chromo
some? We had three objectives. First, 
we wanted to know whether centro
meres, telomeres and origins of repli
cation are the only specialized DNA 
sequences required for normal chro
mosome behavior. Second, we want
ed to learn more about the mecha
nism by which the mitotic spindle 
separates chromosomes during cell 
division. 

Finally, we wanted to learn how 
errors in segregation arise for both 
artificial and natural chromosomes. 
There are two types of segregation 
error. One type, called 1 : 0 segrega
tion, results in one daughter cell's 
having one copy of the chromosome 
and the other's having none at all. 
This error can occur if the chromo
some fails to replicate or if one of the 
sister chromatids gets degraded. The 
other type of error, 2 :  0 segregation, 
results in both sisters' going to the 
same daughter cell. The 2 :  0 errors 
are also called nondisjunction errors, 
because the sister chromatids fail to 
disjoin during mitosis. 

The most convenient way to distin
guish between these two types of er
ror involves an assay based on the 
color of yeast colonies. When we con
struct our DNA vector, whether plas
mid or chromosome, we include a 
gene that suppresses the production 
of a red pigment manufactured by 
some yeast strains. A cell that does 
not inherit the chromosome will re
tain its natural red color, but if a cell 
contains one copy of the gene (and 

therefore of the chromosome), it will 
be pink. If a cell inherits two copies, it 
is white. Assuming we start with pink 
yeast cells bearing one copy of the 
chromosome, a 2 :  0 segregation er
ror will produce a white cell and a red 
cell; a 1 : 0 segregation error will re
sult in a pink cell and a red cell. Two 
pink cells result from normal segre
gation. This assay was developed by 
Philip Hieter of the Johns Hopkins 
University School of Medicine and 
Carl Mann, Michael Snyder and Davis 
of Stanford. Douglas Koshland of the 
University of California at San Fran
cisco and John C. Kent and Leland H. 
Hartwell of the University of Wash
ington devised a similar system. 

We can quantify the frequencies of 
error types by growing yeast colo
nies from single pink cells and ob
serving the color patterns these colo
nies exhibit. If an error occurs in the 
very first cell division only, half of 
the colony will be one color and the 
other half another color. If errors 
occur in subsequent divisions, the 
round colonies will be splintered into 
different hues like a pie cut into piec
es of three different colors. Thick 
"slices" indicate that a segregation 
error happened early in the colony's 
history and was perpetuated; thin 
slices of color result from later er
rors. In other words, colonies with 
few segregation errors have few seg
ments and colonies in which errors 
are frequent look highly segmented. 

W
e have used this and other as
says to compare the segrega

tion accuracy of plasmids, artificial 
chromosomes and natural chromo
somes. The behavior of our artificial 
chromosomes surprised us. Unlike 
circular plasmids with centromeres, 
our small linear chromosomes segre
gated randomly. This unexpected re
sult left us with two questions: Why 
did linear molecules fail to segregate 
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correctly where circular molecules 
had succeeded in doing so? And what 
changes were necessary to make lin
ear artificial chromosomes behave 
more like natural chromosomes? 

We tested a number of specific 
ideas that could account for the poor 
segregation of our artificial chromo
somes. At first we thought the telo
meres, which were derived from pro
tozoa rather than yeast, might be at 
fault, but we found that they func
tioned exactly the way yeast telo
meres do. We thought the centro
mere might have been damaged dur
ing cloning, but it turned out to be 
intact. We were left with the explana
tion that the topology of the linear 
molecule itself must somehow be re
sponsible for the difference in segre
gation patterns. In spite of the fact 
that our chromosome was merely a 
shorter version of a natural chromo
some, it segregated more poorly than 
a circular facsimile. Could it be that 
the chromosome's length itself was 
the problem? 

We examined this possibility by 
constructing an artificial chromo
some 5 5,000 base pairs long. The ex
tra DNA came from a bacterial virus 
we used as the foundation for the 
larger chromosome; we assume this 
DNA is inert in yeast. In all other re
spects the molecule was the same as 
our ll,OOO-base-pair chromosome. 

The longer artificial chromosome 
shows errors in segregation in only 
1 . 5  percent of cell divisions. Of these 
errors 90 percent are due to chromo
some loss (l : 0 segregation) and only 
10 percent to nondisjunction (2: 0 
segregation). This frequency is still 
1 ,000 times greater than that of natu
ral chromosomes, but when we later 
doubled the length of the chromo
some to 104,000, the frequency of 
segregation errors fell to .3 percent. 
Hieter and his colleagues report simi
lar findings in their laboratories. 
These data clearly demonstrate that 
chromosome length exerts a strong 
influence on the accuracy of chromo
some segregation. 

How could length be involved? We 
entertained two related possibilities. 
Most obviously, the overall physical 
length of the molecule could in itself 
have some bearing on the mecha
nism of segregation. Alternatively, 
the separation between the centro
mere and the ends of the molecule, 
which would vary with chromosome 
length, might affect segregation. In 
order to test the latter possibility we 
modified the structure of a natural 
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NORMAL SEGREGATION 1:0 SEGREGATION 2:0 SEGREGATION 

CHROMOSOME SEGREGATION determines the color of the yeast colonies shown on 

page 63. The founding cell in each colony has just one copy of an artificial chromosome 

and is therefore pink. If during mitosis that chromosome replicates and segregates 

normally, both daughter cells will receive one copy and will also be pink (left). Some

times, however, a sister chromatid is not synthesized or is lost (middle). This 1 : 0 segre

gation error gives rise to a pink cell and a red cell. If no errors occur in subsequent divi

sions, half of the resulting colony will be pink and half will be red. In 2 : 0 errors (right) 
both copies of the chromosome go to the same daughter cell; that daughter is white and 

the other is red. Again the colony will be colored in halves if no errors occur after the 

first cell division. When additional segregation errors do occur, they show up as small

er segments of color. Both halved and highly sectored colonies are pictured on page 63. 

yeast chromosome so that its centro
mere, which is normally situated at 
the center of the molecule, was shift
ed toward the end. The alterations re
duce the accuracy of segregation 
only marginally; the chromosome 
still segregates 10,000 times more ac
curately than short artifiCial chromo
somes do. 

lt appeared that overall length was 
the determining factor. If it was, we 
reasoned, short fragments of natural 
chromosomes ought to behave just 
as poorly as artificial chromosomes 

during cell division. We were able to 
produce such fragments and found 
that the accuracy of segregation did 
indeed decline as the length of the 
fragments decreased. The segrega
tion accuracy of the fragments starts 
to drop below that of full-length chro
mosomes at sizes between 100,000 
and 150,000 base pairs. 

Although the total frequency of 
segregation errors is lower for frag
ments of natural chromosomes than 
it is for artificial chromosomes of 
comparable length, most of the dif-
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REPLICATION 
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FUNCTIONAL ELEMENTS of chromosomes are specialized DNA sequences essential 

to chromosome performance. The centromere is the site of attachment for the spindle 

fibers; telomeres protect the ends of the chromosome from degradation. Origins of 

replication, where DNA duplication begins, are scattered throughout the chromosome. 
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ference can be accounted for by a 
higher incidence of 1 : 0 segregation 
errors in the artificial vectors; the fre
quency of 2 :  0 errors is similar. We 
assume these findings arise from a 
preponderance of replication failures 
in the artificial chromosomes rather 
than failures during cell division. 
Hence the overall length of a chro
mosome rather than some secondary 
feature affected by length does seem 
to be a crucial determinant of segre
gation accuracy. 

W
e have outlined a general model 
to explain the effects of length 

and topology on the properties of ar
tificial chromosomes. The model 
rests in part on the previous observa
tions of investigators regarding the 
forces that control chromosome 
movement during cell division. In 
the 1970's R. Bruce Nicklas and his 
collaborators at Duke University did 
an elegant series of experiments 
demonstrating that the attachment of 
the centromere to the spindle fibers 
is stable only under tension. In other 
words, if there is no force resisting 
the pull of the fibers, the centromeres 
essentially fall off the spindle appa
ratus. The force arises because sis
ter chromatids are somehow bound 
together. 

No one is quite certain what holds 
the two chromatids together, but we 
have proposed a tentative model. We 
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believe the linkage is caused by the 
catenation, or intertwining, of the 
two double helixes of the sister chro
matids. Catenation occurs in many 
places along the chromatids during 
replication, when enzymes that are 
supposed to keep DNA from tangling 
get squeezed out by the synthetic 
machinery [see illustration on page 
68]. The regions of catenation prob
ably resist separation during mito
sis, thereby providing the opposing 
force that stabilizes centromere at
tachment to the spindle fibers. Later 
in mitosis another enzyme allows 
one double helix to pass through the 
other so that the two chromatids can 
eventually segregate-but not, per
haps, until the stability of chromo
some attachment to the mitotic spin
dle has been established. 

We think catenation might be the 
operative physical linkage between 
sister chromatids because it so neat
ly explains our observations with ar
tificial chromosomes. Plasmids, be
ing circular, always give rise to two 
linked sisters that cannot drift apart; 
hence no matter what size a plasmid 
is, its sister chromatids will resist 
separation during mitosis. In con
trast, catenation between a pair of lin
ear molecules can be resolved sim
ply by twisting one molecule around 
the other. Even in the absence of en
zyme activity two linear sister chro
matids can become disentangled, 
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and if they are detached, they will 
not provide each other with the ten
sion required to accomplish accurate 
segregation. 

The shorter a chromosome is, the 
more easily its sister chromatid un
winds and the less likely the mole
cules are to segregate properly. like
wise, if a chromosome fails to be rep
licated or if one member of a pair of 
sister chromatids is lost, the single 
chromatid will have no opposing 
partner and will not be able to attach 
to the mitotic spindle. Both scenarios 
agree with our observations of 1 : 0 
and 2 : 0 segregation errors. 

O
ur research has also suggested 
that cells have mechanisms for 

monitoring the success of chromoso
mal segregation. We have found, for 
instance, that in yeast strains carry
ing a short artificial chromosome 
many dividing cells look morpholog
ically abnormal. In such divisions the 
daughter cell grows to the same size 
as the mother before the two cells 
separate; normally the daughter cell 
pinches off from the mother when 
it is roughly half the mother's size. 
When we examine these strains for 
cell divisions that involve segrega
tion errors, we see that more than 90 
percent of such divisions display this 
kind of abnormality. We believe the 
unusual appearance of these cells re
flects the fact that they have been 
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CONSTRUCTION OF AN ARTIFICIAL CHROMOSOME begins 

with a circular piece of DNA called a plasmid (1). The authors in

sert an indicator gene such as one affecting pigmentation (2), 

then add functional elements one by one (3-5). After inserting 

two fused telomeres they put the plasmid into a yeast cell (6). 
There the telomeres are cleaved, making the molecule linear (7). 
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SCIENCE/SCOPE® 

Using new technologies, an advanced solid-state laser prototype has been produced that is more 
efficient and more readily scaled from low to high power than currently available models. The Hughes 
Aircraft Company-built prototype uses optical phase conjugation, ensuring that all light waves emitted 
are in phase, compensating for aberrations and distortions in a laser beam. Also, the new laser material 
used, co-doped gadolinium scandium gallium garnet, approximately doubles the efficiency and energy 
storage capacity of the laser. A follow-on contract has been awarded to Hughes for the second and third 
stages of the US. Air Force's Medium Energy Source (MES) program. Future applications of the new 
laser include communications, range finding, and target designation. 

The United Kingdom Infrared Telescope (UKIRT) in Hawaii was the first to use a new infrared focal 
plane array, which has caused a technological revolution in infrared astronomy. The Hughes-built 
microchip "sandwich" provides sharp, fast infrared images of our solar system and the galaxies. 
Astronomers cim now obtain a better look inside mysterious clouds of dust and gas, known as nebulae, 
to learn more about the life cycle of stars. The array also produces, for the first time, fine-grain 
infrared images of objects within nebulae that were previously hidden. 

A processor utilizing advanced microchips will offer processing power equal to 200,000 desktop 
personal computers. This new programmable signal processor (PSP) uses very large scale integrated 
(V LSI) circuits called gate arrays to pack this power into a 65-pound box, which measures just one 
cubic foot in volume. By comparison, these 200,000 personal computers would weigh roughly 3.4 
million pounds, without any add-on memory cards, disk drives, or monitors. If stacked 20 units high, 
the 200,000 personal computers would fill a room approximately 144 x 120 feet. The PSP is being built 
by Hughes for the APG-70 radar system to be used aboard the US. Air Force F-15. 

The nation's newest weather satellite has completed the US. weather-watch system. The Geostationary 
Operational Environmental Satellite (GOES) H, launched into orbit over the Atlantic seaboard, 
provides data for meteorologists to predict and monitor storm fronts threatening the East coast. 
Designed and built by Hughes for the National Oceanographic and Atmospheric Administration, 
GOES H carries two experimental payloads: a space-environment monitor (SEM) for solar-wind 
measurements, and a receiver designed to aid international search and rescue missions. 

Hughes Research Laboratories needs scientists for a spectrum of long-term sophisticated programs, 
including: AI knowledge-based systems, planning, and computer vision; space plasma sources; 
pulsed power switches; free electron lasers; applications of focused ion beams; masked ion beam litho
graphy; liquid-crystal materials and displays; nonlinear optics and phase conjugation; submicron 
microelectronics; computer architectures for image and signal processors; GaAs device and integrated 
circuit technology; optoelectronic devices; infrared detection and superconductivity applications. Send 
your resume to Professional Staffing, Hughes Aircraft Company-Research Laboratories, 3011 Malibu 
Canyon Road, Malibu CA 90265. Equal opportunity employer. Proof of US. citizenship required for 
some positions. 

For more information write to: P.O. Box 45068, los Angeles, CA 90045-0068 
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transiently arrested in mitosis. The 
cells detect a malfunction in segrega
tion and delay the completion of mi
tosis, waiting for the problem to cor
rect itself. Meanwhile the daughter 
cell continues to grow. 

Artificial chromosomes have been 
valuable assistants in our efforts to 
probe the factors that govern chro
mosome behavior during mitosis. We 
expect to find out even more as the 
techniques for constructing them 
improve and expand. We and other 
workers are using artificial chromo
somes to explore meiosis, the type of 

2 

cell division that gives rise to germ 
cells (egg and sperm) in higher or
ganisms. Such studies could increase 
the understanding of genetic disor
ders that are linked to aberrant chro
mosome inheritance, such as Down 
syndrome. 

Artificial chromosomes have al
ready been constructed for cloning 
human genes in yeast; the cloning 
was the work of David T. Burke, 
Georges F. Carle and Maynard V. Ol
son of the Washington University 
School of Medicine. Their chromo
somes merely serve as vehicles for 

3 

preserving and multiplying human 
genes, which can then be transferred 
to other cells for experimentation. 
Burke and his colleagues expect arti
ficial chromosomes to be able to car
ry genes exceeding 50,000 base pairs 
in length, thereby filling the need for 
a vector that can accommodate the 
large genes and gene clusters that 
play important roles in the genetics 
of humans and other animals. It is not 
unlikely that in this respect artificial 
chromosomes will someday provide 
genetic engineers with a new degree 
of flexibility and control. 
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CATENA nON MODEL may explain why sister chromatids resist 

segregation. Catenation, or intertwining, occurs during chromo

some replication (broken line). Cellular enzymes that unwind the 

replicating strands get pushed out when two sites of synthesis 

68 

7 

(arrows) approach each other (1-3), leaving the chromatids twist

ed together (4). When spindle fibers attach (5) and start pulling, 

this catenation creates tension (6). Other enzymes transiently 

cut one of the chromatids so that the two are able to separate (7). 
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Japanese Innovation: 
A Personal View 
By Akio Etori 

M utual understanding and 
a spirit of concession are 

necessary to settle inteinational 
matters. There are many difficul· 
ties which Japan must consider. 
One problem: the international 
inequality of systems and practices 
in export and import regulations, 
customs tariffs and patent systems. 
If there are differences between 
countries in these matters, friction 
is unavoidable. 

At present, there is a race among 
countries in the development of 
superconductors. The number of 
dissertations concerning new reo 
search results, and the number of 
patent applications are increasing. 
There is, however, a difference 
between the patent systems of the 
United States andJapan; this impairs 
the desired equality of international 
competition. For example, the period 
of time that elapses from filing a 
patent application to granting the 
patent is short in the USA, long in 
Japan; and the patenting of ideas is 
approved in one country but not 
the other. 

japan's traditional international 
trade policy has been one of "small 
profits, quick returns." Carried to 
excess, this policy could result in 
insupportable pressure on foreign 
manufacturers of comparable prod· 
ucts, with consequent economic 
and social disruption. For Japan to 
assure responsible membership for 
itself in the international community, 
particularly in light of the emergence 
of groups of developing and newly 
industrialized nations, such excess 
must be avoided. Japan's alternative 
is development and sale of goods 
that can be produced in smaller 
quantities and sold at a larger profit, 
products of high quality and a high 
level of production sophistication. 

Reaching toward innovation, with 
its increased focus on individual 
attainment, has not been easy for the 
Japanese; as Dr. Motokazu Uchida, 
a senior manager at Hitachi, has 
said, "We tend to believe that 'a tall 
tree catches much wind'." Japan is 
a monoracial country with strong 
national unity. The education system 
has enhanced this unity, and many 
Japanese share similar perceptions 
and life·styles. The employment 
system based on seniority and life· 
time employment has strengthened 
the sense of solidarity of Japanese 
workers. 

For future markets and future 
industrial vitality, however, strong 
individual creativity is indispensable. 
Japan began the process of scien· 
tific research much more recently 
than Western countries, so science 
and technology are still solidifying 
as perceived cultural assets. The 
process is continuing. + 

A Pplying the tools of innovation 
to advance man's capabilities 

has been a trademark of Japan for 
centuries. 

Today's Japanese technology 
continues this tradition. Intensive 
research in trench cells in chip tech· 
nology is just one field of explo
ration in the following report on 
technological contributions from 
Japan. 

Cover Photo: Karl Steinbrenner 
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Automotive Technology: 
Four-wheel Steering 

Until recently,Japanese auto
motive technology led in pro

cess and quality assurance areas 
while tending to follow Europe in 
adopting such features as twin cam 
engines, full-time four-wheel drive, 
and antilock braking. But in 1987, 
a new technology has distinguished 
japan's auto industry: four-wheel 
steering, a completely new approach 
to improving the performance and 
safety of cars. Nobohiko Kawamoto, 
president of Honda Research and 
Development and director of Honda 
Motor Company, explains: "Our 
basic philosophy is to make all four 
tires do some work in every occa
sion; that is why we offer four-wheel, 
antiskid braking and four-wheel 
drive on some models:' 

With front-drive cars, front wheels 
and tires normally do a dispropor
tionate amount of work-in carry
ing load, in transmitting torque to 
the road, in steering and in braking. 
Since all Honda cars are front-wheel 
drive, Honda had a strong incentive 
to make the rear wheels do more 
work. When Honda started research 
into four-wheel steering ten years 
ago, it hoped to reduce the turning 
circle, thus increasing the utility of 
Honda cars. "If the rear wheels are 
turned parallel to the front ones 
when steering at high speed, stabil
ity is much improved;' Kawamoto 
states. He adds, "In hard cornering, 
the fact that all four wheels are 
steered results in the cornering forces 
being more uniformly distributed 
between the front and rear tires:' 

The Authors 

T he 1987 edition of 'Japanese 
Technology Today" was written 

by John Hartley and Akio Etori. 
Mr. Hartley, trained as an engineer, 

is an industrial journalist. His most 
recent book, Fighting the Recession in 
Manufacture, was published in 1986. 
Mr. Etori is an award-winning and 
respected writer on science and tech
nology in Japan, having covered 
these areas for over 20 years. 
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C
onceptually, the process works 
as follows: When a convention

ally steered car is turned at high 
speed by a crosswind, by a bump 
in the road or by driver action, the 
car changes direction, that is, it 
assumes a yaw angle relative to the 
direction of the road_ The driver 
must strive to pull it back onto its 
original line_ With four-wheel steer
ing the car can move sideways, with 
its body still parallel to the direc
tion of the road_ Result: little driver 
effort needed to bring the car back 
on line_ 

F our-wheel steering does not mean 
the rear wheels turn as much as those 
in front_ They turn through small 
angles-up to about five degrees in 
the Honda system-and the front 
wheels do most of the work_ The 
rear wheels comprise a neat mech
anism: Kawamoto explains that the 
new Honda Prelude is designed so 
that when the steering wheel is first 
turned, the rear wheels turn in the 
same direction. But as the steering 
wheel is turned more in the same 
direction, the rear wheels turn back 
to the opposite direction. 

Four-wheel steering presents a 
completely new approach to the 
improved performance and safety 
of cars. With front-drive cars, the 
front wheels do a disproportionate 
amount of work. The four-wheel 
system more uniformly distributes 
the amount of work in carrying 
load, transmitting torque to the 
road, and steering and braking 
between front and rear tires. 
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This odd-seeming arrangement 
can work very well. When turning 
a sharp corner, the rear wheels first 
move the back of a car out a bit, 
increasing the angle of attack_ Later, 
when the rear wheels straighten 
and then turn opposite, they allow 
a tighter turn radius. 

Mazda has introduced patented 
electro-hydraulic four-wheel steering 
on its new 626 models. In Mazda's 
system the rear wheels turn opposite 
to the front wheels at speeds up to 
25MPH, and parallel to them at 
higher speeds. A complex electronic 
control system is located at the rear 
of the car. It actuates a stepping 

motor and gear mechanism to cause 
steering motion to push a hydraulic 
valve one way at slower speeds, and 
the other way at speeds over 25MPH. 
Ryoichi Hirose, Mazda engineer 
responsible for the system, admits 
its complexity but says it was neces
sary to achieve required results. "We 
wanted active control;' he says, with 
the main aim being improvement 
in safety for inexperienced drivers 
at high speeds. "The inexperienced 
driver is nervous at high speed, and 
overreacts in an emergency;' Hirose 
states. "With a conventional car he 
may go off the road, but four-wheel 
steering makes the car safer:' 

1 apanese automakers, with access to advanced electronic 
technologies, are at the forefront in implementing electron
ics for various automobile controls. As we successively 
incorporate electronics in automobiles ... we have to develop 
an ''Expert System'; an artificial intelligence service tool 
that facilitates detection of problems:' 
MR. KIYOSHI MATSUMOTO, EXECUTIVE VICE PRESIDENT, 
TOYOTA MOTOR CORP. 
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Honda's Kawamoto says his firm 
is also "aiming at the ordinary 
driver, with four·wheel steering as 
a safety feature. But we put it on the 
Prelude first; that is a better hand· 
ling, stable car. At this stage, it is 
not clear whether the mechanical 
or electronically controlled system 
is better. However, the mechanical 
system is simple and reliable, which 
is what we felt best on the first one:' 

Kawamoto adds, "We are studying 
all these systems, and think that on 
a mid·engine car, or one with a very 
long wheelbase, an electronic system 
might be better. In any case, we ne�d 
to train people to get used to this 
four·wheel·steering system before 
we move on to other ones. I am 
always telling my people not to sell 
four·wheel steering as fashion. It is 
a serious technical development and 
so we want to go quietly, and study 
how it operates in the real world." 

Four·wheel steering has not 
received universal acclaim. Some 
European engineers dismiss it as too 
costly, and some experts in Japan 
have reservations. Shotaro Kobayashi, 
editor of Car Graphic magazine in 

Japan, is recognized as a top tech· 
nical writer on motoring. "It is a 
mixed blessing:' says Kobayashi. 
"It is all right up to a certain point. 
I think the Honda system is better, 
because it is simpler." Kobayashi 
recognizes the advantages to inex· 
perienced drivers. 

Four·wheel steering is a techno· 
logical innovation unique to Japan. 

Innovation: japan's Technological 
Trademark 

T heJapanese economy depends 
on the manufacture and sale 

of innovative consumer goods and 
industrial equipment, products which 
both contain, and are produced by, 
high·technology components and 
processors. The key word is 'inno· 
vative' as distinct from 'imitative'; 
in the 1990s it will be Japanese 
goods, not Western ones, which 
increasingly will be copied by low· 
price competitors. 

Japanese industry is preparing 
for the turn·of·the·century economy 
by investing its funds-and the 
minds of its best people-in science 
and technology application. Despite 
difficult economic conditions, the 
current rapid rate of rise in that 
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1 apan must also export its 
technologies. Whereas manu
facturing exports may invite 
unemployment in importing 
countries, technology exports 
would be conducive to their 
industries. So we should 
export technologies and be 
paid their worth .. .exporting 
our expertise and thereby 
helping our tradingpartners:' 
DR. HISAO OKA, SENIOR 
MANAGING DIRECTOR, 
MITSUBISHI ELECTRIC CORP. 

T hroughout '1 apanese Technology 
Today"/1987, top executives of 

Japanese industry speak of the func· 
tion and role of research and innova· 
tion in Japan. The following most 
represents their judgment. 

"".i t's abou t time Japanese companies 
set about forming global strategies, 
irrespective of the stronger yen or 
trade friction. In addition to linking 
up with foreign firms who offer out· 
standing technology, Canon will 
gradually shift its research and 
development operations overseas:' 

CANON INC. PRESIDENT RYUZABURO 
KAKU, QUOTED IN JAPAN ECONOMIC 
JOURNAL, APRIL 1987 

SPECIAL ADVERTISING SEC:rION 

investment is likely to continue. 
Taken together with Japanese cuI· 
tural strengths which integrate 
consensus with planning imd qual· 
ity/productivity concerns, Japanese 
technology has become a potent 
world force, and should continue 
to play a role in the manufactur· 
ing and development planning of 
Western industry. It makes sense 
that Western industry recognize 
the beneficial opportunities that 
technological industrial coopera· 
tion can reveal. 

Senior Japanese executives and 
officials have realized that world· 
wide relationships are essential 
considerations for the future of 
Japan. A nation which was self. 
contained for centuries has made 
significant changes and succeeded 
in adapting production capabil· 
ities to market needs. The next 
step: successful development and 
commercialization of technologies 
which can anticipate those needs. 

In February, The New York Times 
reported that Japanese investiga· 
tors commissioned by The Japan 
Foreign Trade Council, Inc., and 
headed by Masahira Sakamoto, 
chief economist of the International 
Trade Institute, found "many ad· 
vantages remaining in American 
industry." In The Times, the investi· 
gators concluded, "American in· 
dustry has kept its technological 
su periority in most advanced fields. 
Especially in the basic and develop· 
ment stage, there is a huge accu· 
mulation of innovative ideas." To 
a large extent Japan looks toward 
participation in the process which 
gives rise to such industrial strength, 
and recognizes that contribution 
is part of the cost of participation. 
japan's focus is Western, not strictly 
American in this area, although 
trans·Pacific activity promises the 
largest economic involvement. A 
"symmetrical access" project, under 
joint management of The Japan 
Society for the Promotion of Science 
and the private National Academy 
of Science in the U.S., is now under 
way. By improving the flow of 
technical information and coopera· 
tion, the project aims to redirect 
attention from markets to projects 
and resources. 

Historically, Japan's prowess has 
been in product development, not 
in basic research; fundamental con· 
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cepts and inventions from Europe 
and the USA have been converted 
into saleable products. Sony's much· 
travelled chairman, Akio Morita, 
has said, "There are many kinds of 
creativity-in marketing, product 
planning and production. Sony 
developed the 'Walkman', but it 
was not the result of creativity, just 
a development of existing technol· 
ogy." There are thousands of ex· 
amples of Japanese excellence in 
product·development innovation, 
including many in the realm of 
consumer·.electronics video. Sony's 
recently announced Super.vHS 
and ED Beta video systems are 
steps along an existing technology 
path, as are such new products as 
8mm video and digital audio tape. 

Japanese industrial research, of 
which there is a prodigious amount, 
still focuses largely on practical 
product applications. Dr. Osamu 
Horigami, chief research scientist 
at Toshiba's Energy Science and 
Technology Laboratory, led a team 
which developed wires that super· 
conduct electricity at the tempera· 
ture of liquid nitrogen, a commodity 
Japan can produce domestically. 
"We are not so interested in the 
maximum temperature we can 
reach," Dr. Horigami points out. 
"We are more interested in indus· 
trial applications," as indeed are 
many of his colleagues. At Sumi· 
tomo Electric Industry Ltd., one of 
the world's largest wire/cable makers, 
dozens of researchers and an R&D 
budget well into the hundreds of 
millions of yen have been commit· 
ted to superconductivity. Should 
other organizations like IBM suc· 
ceed in establishing patent superi· 
ority, then Sumitomo is prepared 
to cross· license. 

"Whether Japanese have creative 
abilities is often debated uselessly," 
states Hajime Karatsu, technical 
adviser to Matsushita Electrical 
Industrial Company and professor 
at Tokai University, in a recent issue 
of Business Tokyo Magazine. "Ideas 
alone do not constitute technology. 
What is most important in technol· 
ogy is the development of methods 
for using it, of finding uses for 
various products, and ways new 
technology can be used. Japan does 
this well. The Japanese economy 
imports virtually all of its natural 
resources, processes them and makes 
its living from the added value." 
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"Exporters can no longer hope 
to succeed by concentrating 
solely on making and supply
ing quality products. Contri
butions have to be made by 
putting to use the ability 
which we have cultivated in 
the past .... in manufacturing 
goods we have developed an 
array of related technologies. 
By making use of that know
how, we contribute to the 
world of science ... :' 

DR. MOTOKAZU UCHIDA, 
GENERAL MANAGER, RESEARCH 
& DEVELOPMENT PROMOTION 
CENTER, HITACHI LTD. 

To get to the leading edge of the 
industrial application of new tech· 
nology, any organization-even 
one which represents broad govern· 
ment sponsorship-must take in at 
least a portion of the basic research. 
The U.S. Department of Energy has 
quickly raised its funding of research 
for applications of super·conductiv· 
ity. Simultaneously,Japan's Ministry 
of International Trade and Industry 
(MITI), which helps guide Japanese 
worldwide industrial and commer· 
cial capability, is setting up a facility 
in Nagoya to sponsor similar reo 
search. Thus,Japan is moving toward 
initiation and innovation in the 
crucial scientific and technical areas; 
indeed, researchers at the University 
of Tokyo under Professor Shoji 
Tanaka were among the first to 
confirm reports of progress pub· 
lished in Autumn 1986. One specific 
area of interest and experience in 
Japanese superconductivity research 
is that of fast surface travel by mag· 
netically levitated express trains. 

As any Westerner who has ridden 
the 'shinkansen' bullet·train among 
Japanese cities can attest, train travel 
is taken seriously there. However, 
the cost of high speed has itself been 
high, giving the new research an 
extra incentive for progress. In the 
words of His as hi Kado, a researcher 
at the state·owned Electro-Technical 
Laboratory, "We need to develop 
our own original technology; more 
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and more, the developing nations 
are catching us up." Kado is lead· 
ing a project in which a DC Squid 
(acronym for'superconductive quan. 
tum interference device') is be�ng 
used to measure the magnetic field 
generated by activities in the brain. 
The Squid was developed to measure 
minute magnetic fields. 

Extending technological develop· 
ment in such fashion has the effect 
of driving new research, as source 
technologies become distant from 
new products and processes. Japan 
has already established leading 
tech or competitive applications 
in a wide breadth of areas. Apart 
from consumer electronics,J apanese 
industry has excelled in production 
of semiconductors and micropro· 
cessors, as well as advanced materials, 
particularly ceramics. Automated 
process control, together with appli· 
cations of Western quality control 
theory, has given the Japanese a 
quality "edge" in industries from 
automobile manufacture to ski· 
making. The matter of imitation vs. 
innovation becomes moot as there 
becomes an increasing scarcity of 
teachers to follow. 

The process of technical innova· 
tion inJap'an must be regarded 

in context. The benefits of a consen· 
sual approach to business planning 
do not apply as well to individual· 
istic undertakings like invention; 
in Japan, four decades of economic 
growth have been made possible 
more by the 'salaryman' and by 
bureaucratic planning than by the 
entrepreneur. Japanese value their 
similarities more than their differ· 
ences, and thus produce fewer icono· 
clasts and "rugged individuals" 
than Western cultures do. From a 
corporate/economic perspective, 
transcendence of such cultural 
limitations is occasioned from the 
organizational boardroom. Top 
corporate officers mandate new 
ventures and research, and allocate 
funds and housing for them. Staff 
for the new enterprises are drawn 
largely from the organization, and 
pursue their tasks with very high 
levels of enthusiasm and diligence. 
Thus, benefit is drawn from the 
collective consensus approach, 
which is then applied to what in 
the West would be regarded as 
high·risk, venture·capitalistic under· 
takings. There is certainly no short· 
age of either Japanese talent or 
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Seven years ago at 
Mitsubishi, we invented 
Diamond Vlsion� And used it 
to build a television screen 60 
feet long by 40 feet high. Wlth 
a picture so bright and dear, it 
can show replays in vivid detail 
to stadium crowds. 

Outdoors. 
In broad daylight. 
By comparison, developing a 

television picture of any size for 
home use is a relatively small task. 

Which helps explain how in 
1986, we were the only television 
manufacturer with the technol
ogy to create a 35-inch conven
tional tube television. Wlth a 
picture as sharp and dear as a 
26-inch screen, but 86% larger. 

And why in 1987, were 
the only television manu
facturer to improve it. 

Introducing 
Diamond Vision ll� 

Traditionally, a 
eRrs brightness 

has been limited by 
. 

an inhibiting layer that 
forms inside the 
cathode. By using Scan
dium Oxide, Mitsubishi 
engineers have eliminat
ed this problem and 
developed the world's 
first truly high-current 
cathode. 

Rather than simply 
using the resultant bright
ness for a brighter picture, 
weve opted to use more 
darkly-tinted glass on the 
screen for dramatically 
better contrast. 

In addition, our new 
Dynamic Beam forming 
actively refocuses the OUT new 6iJ.inch big screen television includes OUT Diamond Vision liN 
beam at every position on wireless remote that includes VCR controLs (JOT selea Mitsubishi VCRs) 

the screen, enabling us to 
minimize distortion. So our 
Diamond Vision IITMoffers 15% 
sharper focus at the center of the 
picture and 40% improvement 
at the edges. 

Even bigger news. 
Nowhere are the benefits of our 
new Diamond Vlsion IITMmore 
apparent than in our new 60-inch 
big screen TV The largest picture 
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:reen te evisions. 
n�--

Our screens deliver a screen at home. 
wide off-axis viewing, for Unlike a conventional set, 
a bright, undistorted pic- big screen TV turns your ordi

r.:;::::;:�_ 

45-inch. 4O-inch direa-view. . style 
genuine cherry veneer <wad. genuine oak veneer <wod. with genuine pecan veneer <wod. 

ture from just about any- nary televised sporting event 
where in the room. And into an incredible spectacle. 
when you're finished And you can enjoy movies 
viewing, you can just close with the kind of panoramic 
the doors and the TV be- scope that small screen TV just 
comes a discreedy hand- can't offer. 
some piece of furniture. Mitsubishi televisions. 

One that you can Available only at authorized 
easily move into your Mitsubishi dealers and selected 
home with the help of stadiums nationwide. 
the Mitsubishi Three 
Diamond Card�You can �MITSUBISHr 
use the Three Diamond For the name of your authorized dealer, call (800) 556-1234 
Card tc fin ext. 245 (In California (800) 441-2345 ext. 245). LO ance your new © 1987 Mitsubishi Electric Sales America, [ne. 
television or for that Cabinet colors and finishes may vary. 

technology, jour-speaker stereo sound and a SImple, strall(htforward 
And like all our B.g Screen TVs Its completely Super VHS-ready matter, any of our terrific 

weve ever offered for home use. audio/video products. Just 
Diamond VIsion liTM is also stan- ask your dealer for an applica-
dard on our 31, 35,40, 45 and tion. Many times your credit 
50-inch models. Each with an can be approved while you wait. 
image so incredibly crisp, you Before long, yolin be enjoy-
can see every detail. ing your new Mitsubishi big 
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" ... Basic research is necessary, but not to quickly resolve pro
blems related to trade surplus or economic frictions .... we 

should try to develop an originality, by international stan

dards, fostering our individual ideas and, based on them, 
devise new things:' 
MR. ICHIRO YOSHIYAMA, SENIOR EXECUTIVE DIRECTOR, 
MINOLTA CAMERA CO. , INC. 

brainpower, as performance of 
Japanese who study and/or work in 
Western university and corporate 
environments can attest. 

Taizo Ueda is managing director 
of the Tokyo·based Honda Founda· 
tion, which holds symposia and 
awards a Honda Prize to scientists 
making major contributions to eco· 
technology, which is technology to 
help improve the natural environ· 
ment. "The basic philosophy of our 
founder, Soichiro Honda (also 
founder of Honda Motor Car Com· 
pany)," Ueda says, "is that basic 
harmony should exist between tech· 
nology and ecology. The Foundation 
holds creativity in high esteem as 
well," he adds. "Honda doesn't like 
to imitate." In 1986 a Honda Prize 
was awarded to Tohoku University 
professor Junichi Nishizawa, who 
had achieved some prior reputa· 
tion as an inventor of computer 
and communications components, 
and had written extensively on 
eco·technology. 

Honda Prize awards are not reo 
stricted to Japanese eco·technolo· 
gists. Though the Foundation is 
separate from the founding Com· 
pany, the Company itself, like 
many other Japanese corporations, 
is reaching well beyond Japan's 
natural boundaries to contribute 
to, and benefit from, scientific 
research. Honda has funded the 
establishment of a research center 
at Cranfield Institute of Technology 
in Bedfordshire, England. "The 
Center is intended to promote 
mutual understanding," says Ueda, 
"since students and professors from 
any country will be able to work 
there. Cranfield has close liaison 
with universities in Aachen, Com· 
piegne and Stockholm, and from 
next year will offer exchange pro· 
grams with both Toyohashi Insti· 
tute of Technology and Nagaoka 
Institute of Technology here in 
Japan." The new Honda program 
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offers opportunities for Japanese 
researchers to increase their experi· 
ence in Western research methods 
and environments. 

S 
trong Japanese voices seek a 
steadier increase in science and 

basic research sourced or sponsored 
in Japan. Takashi Nagayama is 
general manager of The Science 
and Technology Foundation, and 
attained his position after being 
managing director of Matsushita 
Electric. Matsushita, the giant Osaka· 
based electronics firm, grew from 
the entrepreneurial work of Kono· 
suke Matsushita, who subsequently 
established and funded the Founda· 
tion. "The Japan Prize was estab· 
lished, and is awarded each year 
by the Foundation, to recognize 
scientific contributions to society," 
Nagayama states. 

"The grant system does not yet 
work as well in Japan as it does in 
the West," Nagayama suggests, "and 
this impacts on our universities. They 
receive some grants from government 
for research, but if they also receive 
funds from industry they obtain 
less from government. So students 
and professors regard research as a 
steady path, evenly founded along 
well· proven routes." 

In 1983, the Japanese government 
established a plan to increase the 
amount of joint research carried 
out between industry and govern· 
ment. Called 'The Cooperative 
Research Project', it encouraged 
universities to work more with in· 
dustry. In 1986, thirty·eight national 
universities and eleven technical 
colleges took part in joint projects 
involving 188 private firms and 
aggregating some $12 million in 
funding. 

As do Western companies,Japanese 
firms face strong management pres· 
sure to develop techniques and prod· 
ucts which can show an immediate 
financial return. They concentrate 
on practical designs, on making 
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complex products easier to use, and 
on practical production engineer· 
ing. Research is structured to that 
end. The powerful Ministry of 
International Trade and Indu�try 
(MIT!) guides and supports such 
endeavors by coordinating com· 
panies and their research in the 
development of IBM·competitive 
computers in the late 1970s, of very· 
large·systems integration (VLSI) 
technologies, and of a "fifth·genera· 
tion" computer project. Dependence 
upon centrally managed research 
is a distinctive feature of Japanese 
industry. Such MITI·management 
assists by focusing resources, but 
can also hamper by limiting areas 
of exploration. 

Longer·range planning within 
the MITI structure includes basic 
technology projects like three· 
dimensional integrated circuits, 
ceramics, plastics, synthetic metals 
and biotechnology. One program 
seeks to develop large·scale robots 
for electric·power·station, undersea 
and routine maintenance applica· 
tions. Others involve superconduc· 
tivity and lasers. These projects 
follow a similiar pattern, with one 
or two government laboratories 
joining forces with private firms 
to develop specific products or 
processes. Preset, target objectives 
discourage 'off.the·wall' idea· 
researching. Moreover, since firms 
compete in all arenas save the one 
involving the joint research, there 
is a tendency for individual com· 
panies to withold their best work 
and workers, while drawing maxi· 
mum benefit from each project. 

U.S. advanced.technology 
manufacturers have learned from 
experience that it is intercorporate 
competitiveness, not government 
regulation, which inhibits the joint 
development of shared technolo· 
gies. Being licensed to act coopera· 
tively across a limited economic 
range does not alone assure coop· 
eration. Kazuhiro Fuchi, director 
of the "fifth generation computer" 
project at the Institute for New 
Generation Computer Technology 
(ICOT), suspects some major 

Japanese computer companies 
are reluctant to send their most 
talented people to ICOT. Mean· 
while, he has heard complaints 
from top executives at the same 
companies, who seek a greater 
return on their research invest· 
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Landscape of the mind 

The very place from which the Nasca Indians envisioned 
the perfect patterns they carved on the desert's face, is the 
same source from which ideas spring at Epson. The mind's 

eye. Here Epson's highly trained engineers transform 

imaginative ideas into today's and tomorrow's innovations. 
We were the first to develop a printer small and fast 

enough to work in a calculator. Expanding on our precision 
technology, we developed the highest quality and 
performance printers for PCs; establishing Epson as the 
world's leading printer manufacturer. 

Believing in what's presumed impossible creates a basic 
unrest at Epson. One which impels us to create startlingly 

innovative products. Like a flat-screen, hand-held, high
resolution LCD TV; human-engineered ultra-friendly IBM® 
PC compatible computers, and a desktop performance 

computer small enough to fit into a briefcase. Just by looking 
beyond what is, to what might be. 

And our imaginative spirit is never lost on earthly features like 
cost, performance and easy operation. 

Just like the Nasca Indians, we think 
the best place to view things is from 
above; here, on the landscape of the 
mind, where the 
imagination 
takes flight. 

IBM is a registered trademark of 
International BUSiness Machines Corporation. EPSON. Where anything is possible. 
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ments even though quick commercial 
payouts were not a prime objective 
of the program. 

A t present, research in Japanese 
companies is designed to pro· 

duce practical products, and is 
successful by nearly any measure 
in doing so. At NEe, the large elec· 
tronics and telecommunications 
corporation, Michiyuki Uenohara 
is executive vice president. "Thirty 
percent of NEC's research and 
development activity is conducted 
on behalf of our manufacturing 
divisions, which are responsible 
for detail design and engineering 
and production," Uenohara points 
out. "We transfer engineers occa· 
sionally from the relevant division 
to the central laboratory, to draw 
them more into the theoretical 
nature of the research work. 

"That way we minimize the 'NIH', 
or 'not·invented·here' syndrome, 
which is occasionally the response 
of the operating divisions to lab· 
developed product and process 
designs," he concludes. NEC's 
application of management skills 
to labwork thus adds an element 
of innovation and originality, and 
over the years has produced a 
fair share of firsts. "In 1959, NEe 
demonstrated the first all·transis· 
tor computer in the world," says 
Uenohara, adding that in com· 
puter memories, "NEe was in the 
race from the beginning." The 
company has also developed a 
data· flow computer currently 
being used to process image data 
relayed by weather satellites. 

Japanese industry is adapting to 
the new global economic environ· 
ment, in which originality and in· 
novation are essential to create and 
retain market leadership. The lead· 
ing companies in the manufacture 
of high·modulus carbon fiber are 
Toray Industries and Toho Rayon. 
Both companies were dependent 
on mass·produced textiles just a few 
years ago. Giants Nippon Steel and 
Kawasaki Steel have diversified via 
licensing and joint·venture and are 
involved in silicon and ceramics 
technologies. Nippon Steel estimates 
that steel products will aggregate 
less than half of 1995 sales. Kawasaki 
steel has formed joint ventures 
with LSI Logic of the USA to pro· 
duce silicon wafers, and with 
Pechiney of France to make hard· 
ferrite magnets. 

J14 

The Human Frontiers Science 
Program has heavy support at the 
highest levels of both the Japanese 
bureaucracy and national govern· 
ment. A product of MITI's Agency 
for Industrial Science and Tech· 
nology, the Program is a conscious 
attempt to conceive and execute a 
pure· research undertaking which 
will reflect favorably on Japan's 
science· technology research com· 
munity. The Program is intended 
as well to create platforms for more 
functional research and develop· 
ment in the next generation. Accord· 
ing to Katsuhiko Umehara, deputy 
director of the Program, Prime 
Minister Yasuhiro Nakasone sought 
to have Japanese researchers across 
several disciplines and ministries 
working together. Foreign reaction 
has been favorable and has influ· 
enced the cooperative spirit of 
those involved. "We want to have 
international workshops and give 
research grants," Umehara says, 
"and to promote the exchange of 
scientists between countries. As 
Prime Minister Nakasone says, 
'we have to contribute to balance 
our basic·research obligations:" 

One objective of the Human 
Frontiers Science Program is to 
learn how the human perceives 
and recognizes things: how his 
memory works, how he learns, 
what intelligence he inherits, and 
how motor and behavioral control 
functions. Much of the work will 
involve research into biotechnology, 
an area where Japanese science is 
rapidly gaining strength. Antigen· 
antibody interaction, morphogen· 
esis, and molecular recognition 
and response are included, and it 
is recommended that technological 
development be undertaken to en· 
able the reading and analysis of 
the DNA nucleotide sequence of 
human genes. The latter is work 
already well into the planning stage 
in the USA, and a cooperative effort 
under the MITI Program could prove 
most productive. 

Microprocessors 

J apanese industry has shown 
significant success in the design 

and production of microproces· 
sors (MPUs). The market within 
Japan is as competitive as it is in· 
ternationally, with NEe tending 
toward market leadership but 
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facing increasing pressure from 
Hitachi and Fujitsu. The latter 
have set up a joint project to 
develop a device based on the 
TRON open architecture. The 
TRON (The Realtime System 
Nucleus) project embraces MPUs, 
computers, networks and inter· 
faces in a new type of system 
designed by Ken Sakumara, associ· 
ate professor in the Department 
of Information Science at Tokyo 
University. Its salient feature is its 
projected ability to handle tasks 
on a simultaneous "realtime" basis, 
with no delay between entry and 
execution of an instruction. 

"We must let foreign busi
nesses know that we are 
interested in ... international 
affiliations in the area of 
research.... The possibilities 
for this exist in a wide range 
of fields. What is important, 
in essence, is to be able to 
speak a common language 
in research:' 
MR. TOSHIYA INOUE, SENIOR 
MANAGING DIRECTOR, VICTOR 
COMPANY OF JAPAN LTD. 

Hitachi �nd Fujitsu, working on 
an original Hitachi design, have 
been joined by Mitsubishi Electric 
which had been developing a TRON 
MPU. Hajime Yasuda, manager of 
Strategic Product Planning for 32bit 
MPUs at Hitachi, explained the 
TRON rationale: "We decided on 
a proprietary architecture, and 
realized one company alone could 
not create a new architecture; we 
are trying to avoid duplication of 
effort." Toshiyuki Hani, marketing 
manager for MPU s at Fujitsu, claimed 
Fujitsu had spent two and a half 
years developing a 32bit MPU, but 
"owing to the need for standardi· 
zation, we decided it was too time· 
consuming for us to go it alone." 
The companies, 32bit MPU is aim· 
ed mainly at the engineering work 
station market, with a version being 
developed for process·control appli· 
cations. Based on 1.3micron design 
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As Canon celebrates its 50th 
anniversary, two trends, we think, 
are remarkably clear. In every field 
of human endeavor the importance 
of image information is growing by 
leaps and bounds. At the same time, 
we work in an atmosphere so charged 

with claims and counter
claims that what 

we say about 
corporate goals 
isn't nearly so 

impressive as what 
you see us do 
about them. 

Technological vision. 
On our way to becoming one of 

the world's premier camera makers, 
our aim has been to make it simple 
for anyone to capture a beautiful 
image on film. W itness Canon EOS, 
the auto focus camera whose revolu
tionary lens-integral motor design not 
only captured the Japan Camera 
Grand Prix and the European Camera 
1987-88 awards. Because of its unique 
auto focus system, the European 
Camera judges also gave it their first 
ever Innovation I 
Award as well. 

Commitment to 
image quality also 
drives the design of 
all our wide range of 

Color Laser Copier 

products for personal, medical, office 
and industrial use; from our personal 
typewriters and copiers to our X-ray 
equipment and ultrahigh precision 
steppers for semiconductor production. 
For another outstanding example see 
our new digital Color Laser Copier. 
The first to offer both its superb color 
reproduction and its advanced color, 
size and format editing capabilities 
- at a price within the reach of small, 
entrepreneurial businesses. 

Cooperative vision. L 
But impressive as they

''''' 

are, these innovations in 
image information tech
nology are to us only part LBP-811 
of a much bigger picture. Laser Beam Pr;nter 

To us, the technology we help to 
create is a resource we want the world 
to share. That's why, for example, 
when we first conceived our now 
world-famous Laser Beam Printer, 
we didn't keep its secrets to ourselves. 
By making its key technologies 
available to partners worldwide, we 
helped to create a whole new industry: 
desktop publishing. Now we're 

working with a leading air courier 
company on advanced G4 

facsimiles to realize the 
potential of the telephone 
companies' new Integrated 
Service Digital Networks. 

Canon 

Canon FAX 14003 Mixed Mode Terminal 

Productive vision. 
We recognized long ago that one

way trade is no trade at all. As early 
as 1973, we built a plant to 
produce our copiers in 
Giessen, West Germany. 
That investment was followed 

by others in Taiwan, the U.S., 
Korea and France. 

Last year we concluded 
technical exchange agreements 
involving two plants in the People's 
Republic of China. This year we 
started operations at a new US$25 
million business machine production 
facility in Newport News, Virginia. 
We also imported more than US$45 
million worth of semiconductors for 
use in our products. As we celebrate 
our first half century growing together 
with partners all over the globe, 
we are proud that one in every three 
orour 35,000 employees contributes 
to local prosperity in his native land 
outside Japan. 

Because, like you, when we hear 
people talk about vision, we like to 
see the results. 

CANON INC 
Tokyo. Japan 
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rules and CMOS technology, the 
TRON MPU will include 700,000 
elements and will follow the latest 
design layout, with a memory man· 
agement unit and a cache memory 
on·chip. It will be able to handle 
32bit data internally, with an exten· 
sive set of instructions. 

In terms of performance, the 
latest members of the NEC Com· 
pany's V series is the most power· 
ful Japanese design. The NEC 
V60170 models were designed back 
from NEC's V80 chip, which will 
be based on I.Omicron rules and 
has been designed to operate at 
10 million instructions per second. 
It is due in 1990. 

The TRON Project 

T he TRON project involves dev· 
elopment of an architecture for 

an MPU, as well as various opera· 
ting systems, and a specification 
for the keyboard, disk drives, inputl 
output control and other features 
of a computer. Additionally, the 
project aims to develop MPU s for 
specific applications from the basic 
architecture, including ITRON (in· 
dustrial TRON), a realtime operating 
system for process control; BTRON 
(business TRON) for work stations; 
MTRON (macro TRON) to control 
networks; CTRON for databases 
and mainframes. Altogether TRON 
is a new concept in compatibility, 
embracing far more than just another 
computer·and·keyboard. Ken Saka· 
mura of Tokyo University, leader 
of the TRON project, takes a very 
wide view. 

"Our aim is to produce a com· 
puter anyone can use, and I think 
of computers as being far wider in 
scope than mainframes, minis and 
PCs," Sakamura enthuses. "There 
are, of course, computers in home 
appliances like TVs and VCRs, each 
with its own function. People can 
use a TV with videotex and modem 
adaptor to reserve space in a hotel, 
for example, or manage their finan· 
ces on a home computer. TRON 
will be one machine which will do 
it all." 

The first aim of the TRON project 
is development of interfaces for 
any devices with similar software. 
The microprocessor can assure 
that all computers sharing an in· 
struction set will understand the 
same instructions, and as Sakamura 
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points out, "We have produced the 
standard instruction set." 

Second, the TRON MPU must be 
able to address sufficient memory. 
Sakamura foresees that the 4gigabytes 
available to 32bit work stations will 
become limiting in the late I990s. 
"Because of the reduction of storage 
costs, more than 4Gbytes will soon 
be installed in some systems, and 
eventually the 32bitchipwill become 
obsolete. The TRON chip can go to 
64bits, giving an addressable memory 
capacity ofl,800Tbytes," he projects. 

Sakamura's group has specified 
and tested four interface layers, to 
permit connection among TRON 
computers. Adopted by manufac· 
turers, the interfaces would also 
permit communication with any 
intelligent device-a VCR, a home 
appliance, even a telephonelterminal. 

Realtime multitasking computing 
is an inherent objective. "One should 
be able to work through several 
windows at once," he said. "While 
working, for example, one should 
be able to scan a scene with a por· 
table camera and have the image 
transferred to memory and screen 
simultaneously. While existing com· 
puters may be able to handle simul· 
taneous transactions, data is moved 

. in and out of memory as focus moves 
from process to process, and pro· 
cedures tend to be slow." 

There is little imaginative limit in 
Sakamura's group's objectives. TRON 
external memory is to be based on 
optical recording via a device the 
size of a portable CD player and 
with a capacity of up to 600Mbytes. 
A portable TRON a half.inch thick, 
complete with interfaces, is planned. 

Western observers may appreci· 
ate the innovation represented 

in the TRON team's approach to a 
peripheral as prosaic as a keyboard. 
The team's new design is shaped to 
the contour of the hand. Two sets 
of keys are arranged in arcs opposite 
an operator's hands, with two smaller 
sets in smaller arcs opposite the 
thumbs position. Sakamura intends 
that keyboards be available in varied 
sizes: "Our keyboards are like shoes," 
he said. Keyboard space has been 
reserved for an electr.onic pen pad. 
Sakamura recognizes the import· 
ance of keyboard design to poten· 
tial markets in Asia and elsewhere, 
markets in which there is no tradi· 
tion of typewriter use. He seeks 
ultimately to design a keyboard 
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adaptable to most languages. 
"The way people think reflects 

their culture and language," Saka· 
mura says, "and Arabs and Orientals 
are at a disadvantage in that most 
computer software and operating 
systems are based on English. The 
character sets for the languages of 
different nations can be coded and 
stored in the computer. The com· 
bination of keyboard and multi· 
lingual capability is what we are 
trying to improve in machine rela· 
tionships." 

To date 62 companies have joined 
in the TRON project, including 
not just Japanese companies but 
Western interests like AT&T, Data 
General, Hewlett·Packard, Honeywell 
and Texas Instruments. 

"We are trying to orient our 
researchstaffinto two different 
directions. One group would 
be committed to R&D of areas 
closely related to customers' 
needs. Members of that group 
would approach customers 
directly. The other group 
would step deeper into such 
fields as are nearer to pure 
science, such as bio-electronics. 
The ecology of man tells us 
that we have an efficient 
communications function; 
for example, a signal is trans
mitted via a sensor to the 
brain where it is processed. 
We should learn rrwre from 

functions of man and study 
how they can be applied to 
communications:' 
DR. HARUHIKO TSUCHIYA, 
SENIOR MANAGER/DEVELOPMENT 
PLANNING, ENGINEERING STRATEG Y 
PLANNING HEADQUARTERS, 
NIPPON TELEPHONE AND 
TELEGRAPH CO. 
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Hitachi's wide-ranging audio
visual technologies include 
Picture--in-Picture for simulta
neous viewing of more than 
one program on a single TV 
screen, OAT, a high-density 
projection display, and frame 
memory used in ION. 

AV shou ld be more than faithfu l s ight 
and sou nd reproduction .  Ideal ly,' it also creates 
drama and ambience. 
Dig ital tech nology (the conversion of con
ventional s ignals i nto com puterized zeros 
and ones) has led to a remarkable prol ifera
tion of audiovisual uses - in Tv, for example, 
for more d iversified and sophisticated pro
g ram m i n g  and i nformation services acces
sib le through computer con n ections or 
videotex term i nals. And this is only the 
beg i n n i ng.  

Hitachi's scientists and engi neers are 
us ing d ig ital appl ications such as frame 
memory to develop Improved Defi n it ion TV 
I DlV wi l l  g reatly i m prove pictu re qual ity with
out chang ing cu rrent broadcasting stan
dards by doubl i n g  the density of  scann ing 
l i nes and increas ing vertical resolut ion 1 . 5  
times. Th is same Hitachi  tech nology has 
resu lted in the Dig ital Audio Tape recorder, 
which is capable of superior record i n g  and 
reproduction.  

Hitach i 's orig i nal screen tech nology has 
led to h igh-density big screen projection 

lV, using screens u p  to 110 i nches. It is con
tri buti ng to a whol ly new technology, H igh 
Defi n it ion TV HDlV is capable of  photo
g raphic qual ity resol ution and wi l l  soon 
enable sate l l ite services to transmit wide 
screen images that g ive the viewers the feel-
i n g  of  actual ly bei ng there. 

. 

We link technology to human needs, and 
bel ieve that our  special  knowledge wi l l  lead 
to numerous easy-to-use systems and prod
ucts with h igh ly  advanced fu nctions. 
Our  goal i n  aud iovisual - and in medic ine, 
energy and transportation as wel l  - is to 
create and put i nto practice products and 
systems that wi l l  i m p rove the qual ity of l ife 
the world around.  

. 

� HITACHI  
Hitachi, Ltd. Tokyo. Japan 
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companwn 
volume to the 

acclaimed 
PBS Series 

Voyage to the heart of scientific inquiry 
with two of the world's great teachers 

The Ring of Truth takes us to the place 
where ideas begin, where the tools are made, 
where the work of science is done. "That 
world ,"  w r i t e  the Mor r is o n s ,  " is  fu l l  of 
surprises." 

Throughout, the quarry is not what we 
have learned about the universe but rather how 
we go in search of answers. Using the stuff of 
every day-doughnuts and mousetraps, fire
works and bicycles, a piece of cake, a bolt of 
lightning, a big yellow van that measures the 
earth and a guest appearance by Julia Child

of pictures and text from a pair of master 
teachers at their very best. 
Illustrated with more than 300 photo
graphs, two-thirds of them in color. 

"In the experience of science, it is easy enough 
to describe the great discoveries. What is much 
more difficult is to convey a real understanding 
of how these discoveries were made. The Mor
risons get their hands dirty, actually do experi
ments on the foundations of science, and sweep 
the reader up into an exhilarating adven-

the Morrisons use precept and ex
ample to bring out the deepest 
conclusions about science.  The 
Ring of Truth is an ingenious blend THE 

ture. The Ring of Truth is  just 
what the title promises-an in
troduction to how we know." 

-Carl Sagan 

RING OF TRUTH 
An Inquiry Into How We Know What We Know 

by PHILIP and PHYLIS MORRISON 
8" x 10:' $24.95, now at your bookstore. For mail orders, 
send coupon below or call toll-free (credit cards only): 1-800-638-6460 

- - - - - - - - � RANDOM HOUSE - - - - - - - -
RANDOM HOUSE MAIL SERVICE # _________________ _ 

Dept SA 31·2 
201 Easl 50th Street. New York 10022 

Please send me THE RING OF TRUTH (55663-1). I enclose $24.95 plus 
applicable sales tax. (Publisher pays postage and handling.) And, if not 
satisfied, I may return the book postpaid within 10 days for a full refund. 
o Enclosed is my check/money order. 
Or charge my 0 American E xpress 0 VISA 0 MasterCard 

Exp. Date _______________ _ 

Signature _______________ _ 

Name ________________ __ 

Address _______________ _ 

City State Zip ___ _ 

Price applies to u.s. and terrttories � In Conodo. available thlough bookstores only. 002 03 SA 31-2 
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Synchrotron Radiation 
A threadlike beam of electrons wiggling through a gauntlet of magnets 
in a storage ring produces the world's brightest ultraviolet light and 
X rays. Such radiation opens the way to new science and technology 

Twenty years ago there were 
perhaps 50 people in the world 
who exploited a peculiar type 

of electromagnetic radiation that is 
generated in circular electron ac
celerators. The radiation is intense 
and highly polarized, and it contains 
a broad continuum of wavelengths. 
Yet it was then regarded largely as a 
nuisance, since it represented an en
ergy "leak" that made it difficult and 
costly to push electrons to ever high
er energies. Its few users usually had 
to carry out their investigations in 
"parasitic" programs that took ad
vantage of whatever radiation hap
pened to be generated during parti
cle-physics experiments. 

Today this type of radiation, which 
is known as synchrotron radiation, is 
widely regarded as a unique scien
tific and technological resource. It 
spans wavelengths from the infrared 
to the gamma-ray regions of the elec
tromagnetic spectrum and is by far 
the most powerful continuum radi
ation in those spectral regions oc
cupied by vacuum-ultraviolet (vuv) 
light (so named because it propa
gates over significant distances only 
in a vacuum) and X rays. As an added 
bonus, the radiation is also pulsed, 
collimated and partially coherent. 
The fact that all these properties are 
found in radiation from one source 
makes synchrotron radiation a re
markably versatile analytical tool for 
basic and applied research in phys
ics, chemistry, biology and their nu
merous subfields. 

Yet the usefulness of synchrotron 
radiation is not limited to the labora
tory. The possibility of selecting cer
tain X-ray wavelengths from a con
tinuum source allows radiographs to 
be made that are "tuned" to certain 
elements-a fact that may be fruitful
ly applied in the imaging of blood 
vessels, for example. Furthermore, 
the intense X-radiation produced at 
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by Herman Winick 

synchrotron-radiation facilities can 
be applied to etch integrated-circuit 
elements that are smaller than the 
wavelength of visible light. 

In view of the many current and 
potential applications of the radia
tion, it is not surprising that circular 
electron accelerators, such as syn
chrotrons (machines that briefly ac
celerate electron beams to high ener
gy) and storage rings (machines that 
keep a high-energy electron beam 
circulating for hours), are operated 
as fully or partially dedicated syn
chrotron-radiation sources, serving 
more than 5,000 investigators world
wide. Indeed, the synchrotron-radi
ation "parasites" have in many cas
es consumed the host facility. Yet in
creasing numbers of scientists and 
engineers from universities, Govern
ment laboratories and industry need 
greater access to synchrotron radia
tion of ever higher intensity to pur
sue their work. 

The demand is being met at exist
ing facilities by opening more beam 
lines, which channel the radiation 
from a storage ring to experimental 
stations, and by installing magnetic 
devices known as wigglers and un
dulators, which boost the intensity 
of the radiation to exceedingly high 
values. In addition new sources of 
synchrotron radiation are being built 
throughout the world, ranging from 
superconducting devices that could 
fit into a large living room to storage 
rings one kilometer in circumference 
that will serve thousands of users. 

Although synchrotron-radiation fa
cilities can be quite large, the exper
imental stations at the ends of the 
beam lines closely resemble the set
ups found in small laboratories. Thus 
the large facilities can serve many 
"small science" research groups. A 
typical such group consists of from 
three to five workers, who can per
form a significant measurement in a 

week or so with end-station equip
ment costing less than $100,000. 

Principle of Generation 

Whenever a charged particle is ac
celerated (or decelerated), it gives 
off electromagnetic radiation. Radio 
waves, for example, are generated 
when currents of electrons in an an
tenna oscillate at frequencies corre
sponding to that particular part of the 
electromagnetic spectrum. Because a 
change in direction of motion is an 
acceleration, a circulating current of 
electrons also radiates. At low speeds 
(well below that of light) the elec
trons emit very weak, low-frequency 
radiation in almost all directions. But 
if the electrons are traveling at rel
ativistic speeds (nearly as fast as 
light), the radiation increases spec
tacularly in intensity, directionality 
and frequency. 

Because synchrotrons and storage 
rings are machines that force relativ
istic electrons into circular paths by 
means of powerful magnets, they are 
sources of such electromagnetic ra
diation. (The radiation was first ob
served in 1947 in an electron syn
chrotron of the General Electric Com
pany; hence its name.) A synchrotron 
brings low-energy electrons to some 
high energy, at which point they are 
made to strike a target. It can perform 
this operation between 50 and 60 
times per second. Electrons can be in
jected into a storage ring at the ring's 
operating energy or at some lower 
energy. In the latter case the ring 
functions briefly as a synchrotron to 
raise the energy of the beam before it 
is made to circulate for hours at con
stant energy. 

Both synchrotrons and storage 
rings consist of an evacuated ring
shaped chamber around which two 
basic types of magnets have been ar
ranged: focusing and bending mag-
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nets. A focusing magnet's multiple 
poles set up a nonuniform magnet
ic field that acts as a lens, confining 
the electrons in a tight beam as they 
travel around the chamber. A bend
ing magnet typically establishes a 
uniform magnetic field that is at right 
angles to the direction in which the 
electrons are moving. Such a field 
bends the path of the electrons. The 

actual path traced by an electron 
beam is therefore usually not a per
fect circle but rather a series of circu
lar arcs, one at each bending magnet, 
connected by straight segments. Syn
chrotron radiation produced by elec
trons curving in the bending mag
nets emerges into tangential beam 
lines [see illustration on next page]. 

The ring-shaped vacuum chamber 

also threads through one or more 
cavities in which electromagnetic 
fields that oscillate at radio frequen
cies are established. These fields re
plenish the energy lost by electrons 
as they give off synchrotron radi
ation and can raise the energy of 
the electron beam if necessary. They 
also divide the circulating beam into 
electron "bunches," which are typ-

WIGGLER induces electrons traveling through the evacuated 
tube it straddles to emit intense ultraviolet light and X rays. The 
device, which was designed and built at the Lawrence Berkeley 
Laboratory, consists of two rows of 30 permanent-magnet poles. 

It was developed for a group composed of many institutions, in
cluding national laboratories (led by the Lawrence Livermore Na
tional Laboratory), various branches of the University of Califor
nia system and the Stanford Synchrotron Radiation Laboratory_ 
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ically a few centimeters in length. 
Because storage rings provide a 

much stabler electron beam as well 
as a more constant radiation intensi
ty and spectrum than synchrotrons, 
storage rings have become the pre
dominant source of synchrotron ra
diation. The switch from synchro
trons to storage rings as radiation 
sources began in 1968, when Ednor 

M. Rowe and his colleagues adapted 
the Tantalus storage ring at the Uni
versity of Wisconsin for this purpose. 

were pointed out as early as 1898 by 
A. Lienard. Virtually all the radiation 
emitted at a given instant by a single 
electron as it curves in the field of a 
bending magnet is confined to a for
ward cone with a very small opening 
angle. This natural emission angle is 
numerically about equal to the ra
tio of the energy represented by the 
electron's rest mass (given by Ein-

Properties of the Radiation 

Whether it is generated by a syn
chrotron or by a storage ring, syn
chrotron radiation has several char
acteristic properties, some of which 
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STORAGE RING dedicated to the production of synchrotron ra

diation is structured around a ring-shaped vacuum chamber 
through which a beam of electrons (blue) circulates. An oscillat
ing electromagnetic field established in a radio-frequency cavity 
provides energy to maintain the particles at relativistic speeds 
(nearly as fast as light) after they are injected into the ring from 
an external accelerator (not shown). Quadrupole and sextupole 
focusing magnets confine the electrons in a tight beam by 
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means of fields set up by four and six poles respectively, ar
ranged radially around the vacuum chamber. Bending magnets 
force the electron beam to curve, causing the particles to emit 
synchrotron radiation (purple). The ring may also include other 
magnetic devices, known as wigglers and undulators, that sub
stantially increase the "brightness" of the radiation-a measure 
of its concentration. Pipes called beam lines channel the radia
tion from the various magnetic devices to experimental stations. 
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stein's famous equation E = me2) to 
the electron's total energy, which in
cludes both its rest mass and its ki
netic energy. An electron's energy is 
generally measured in units of elec
tron volts (one electron volt is the en
ergy gained by an electron in a vacu
um as it is accelerated by a potential 
difference of one volt). Since the elec
tron's rest mass represents an energy 
of .5 MeV (million electron volts), if 
an electron is given a total energy of, 
say, 5 GeV (billion electron volts), the 
natural angle over which synchro
tron radiation is emitted is only .000 1 
radian, or about .006 degree. This 
can be regarded as a beam of near
ly parallel rays-geometrically quite 
similar to the narrow beams of lasers. 

As the electron traces a circular 
arc in a bending magnet, the axis of 
the narrow cone of radiation moves 
with the electron. Although the ver
tical emission angle remains small, 
the radiation sweeps a broad hori
zontal swath typically several de
grees wide. Mirrors and other optical 
elements are used to collect as much 
of the horizontal swath as possible in 
order to deliver a large number of 
photons down a beam line. 

Synchrotron radiation has other 
unique properties that conventional 
sources of vuv light (such as gas-dis
charge lamps) and X rays (such as 
electron-impact tubes) do not offer. 
For example, synchrotron radiation 
is highly polarized; that is, the oscil
lating electric field associated with 
the radiation vibrates primarily in 
the plane of the electron's orbit. In 
addition, because the electron beam 
is bunched, the radiation is emitted 
in pulses. These pulses can be as 
short as a few tenths of a billionth of 
a second, and, depending on the size 
of the ring and how many electron 
bunches are circulating, the rate at 
which the pulses are repeated can 
vary between about 100,000 and 500 
million times per second. 

There are also marked differences 
between the spectra of the vuv light 
and X-radiation produced from stor
age rings and those produced from 
conventional sources. Whereas syn
chrotron radiation is extremely pow
erful over a broad continuum of 
wavelengths, gas-discharge lamps 
and X-ray tubes emit radiation pri
marily in the form of a few discrete 
wavelengths superposed on a very 
weak background continuum. 

Normally experimenters are inter
ested only in a narrow bandwidth, 
or range of wavelengths, from the 
broad spectrum provided by syn
chrotron radiation. For a given band-

DIRECTION OF 
MAGNETIZATION 

MAGNETIC-FLUX
CONCENTRATING POLE 

PERMANENT MAGNET 

INSERTION DEVICE, such as a wiggler or undulator, produces synchrotron radiation 
that is considerably brighter than radiation from a bending magnet. The device causes 

electrons to follow a sinusoidal path instead of a curved one by establishing a series of 
magnetic fields that alternate in polarity and that are perpendicular to the electrons' 
direction of travel. A wiggler enhances the brightness of the radiation produced by a 
given electron beam by a factor roughly equal to twice the number of full oscillations 
the beam undergoes. The deflections of the beam are smaller in an undulator than in a 
wiggler, and the radiation'S brightness can in theory be increased by a factor about 
equal to the square of the number of oscillations, but only at discrete photon energies. 

width, synchrotron radiation from 
bending magnets can supply at least 
1,000 times more photons per sec
ond than conventional vuv and X
ray sources. The number of photons 
emitted per second within a given 
bandwidth is called the flux of the ra
diation. The source characteristic of 
greatest importance, however, is of
ten its brightness (sometimes called 
brilliance or radiance): the flux divid
ed by the angle through which the ra
diation is emitted and the cross-sec
tional area of the source. Brightness 
is more or less a measure ofthe radia
tion's "concentration." Because syn
chrotron radiation has a large flux, 
is naturally emitted through a small 
angle and originates in an electron 
beam with a very small cross-sec
tional area (often less than a square 
millimeter), it has exceedingly high 
brightness. Indeed, synchrotron radi
ation from bending magnets is about 
a million times brighter than other 
vuv and X-ray sources. 

Wigglers and Undulators 

The flux and brightness of syn
chrotron radiation can be increased 

even more if electrons are made to 
jiggle while courSing through a stor
age ring. This is the role of magnetic 
devices called wigglers and undula
tors, which are inserted between a 
storage ring's bending magnets. Both 
devices consist of two rows of mag
nets that establish many fields of 
alternating polarity perpendicular to 
the electron beam. The alternating 
magnetic fields cause the electron 
beam to move from side to side or 
up and down as it travels through 
the device, giving individual elec
trons a sinusoidal trajectory. As each 
electron curves, it emits radiation for 
much the same reason that it emits 
radiation while tracing a circular arc 
through a bending magnet. 

The difference between wigglers 
and undulators lies in the amount of 
angular deflection produced by the 
magnetic poles. In a wiggler the an
gle is large compared with the nat
ural emission angle of synchrotron 
radiation. This results in a continu
ous spectrum similar to what is pro
duced in a bending magnet having 
the same magnetic field strength, al
though the radiation has greater flux 
and brightness. (The stronger the 

9 1  © 1987 SCIENTIFIC AMERICAN, INC© 1987 SCIENTIFIC AMERICAN, INC



magnetic field of a bending magnet 
or a wiggler is, the higher the photon 
energies are to which the spectrum 
extends.) The flux and brightness of 
the radiation that emanates from a 
wiggler exceeds that of a single, large 
bending magnet of similar magnet
ic field strength by a factor approxi
mately equal to the number of poles, 
or twice the number of full oscilla
tions an electron beam undergoes. 

In an undulator the angular deflec
tion caused by each set of poles is 
smaller than or comparable to the 
natural emission angle. In this case 
the electromagnetic waves radiated 
by each electron can mutually rein
force or suppress one another to en
hance the emission of certain wave
lengths at certain emission angles, 
resulting in extremely high bright
ness at the enhanced wavelengths. 
The radiation emanating from an un
dulator also has a degree of coher
ence that is proportional to the ra
diation's brightness. Coherence is a 
measure of the ability to form pat
terns of illumination that result from 
the interference of electromagnetic 
waves originating at different points 
or arriving at different times. 

For an ideal electron beam (one 
that does not tend to spread while it 
maintains a vanishingly small cross
sectional area) the brightness of the 
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radiation produced by an undulator 
is greater than that produced by a 
bending magnet by a factor approxi
mately equal to the square of the 
number of oscillations. Undulators 
that cause the electron beam to un
dergo 60 oscillations have already 
been built, and ones that cause sever
al hundred oscillations are planned. 

The first wiggler to serve as a radia
tion source for experiments was in
stalled in 1978 in the 4-GeY SPEAR 
storage ring used by the Stanford 
Synchrotron Radiation Laboratory 
(SSRL). The device had six electro
magnetic poles that caused three full 
oscillations of the electron beam and 
could sustain a peak magnetic field 
more than twice as strong as that of 
the bending magnets in the ring. 

Although undulators were studied 
in linear accelerators at Stanford Uni
versity during the 1950's and in syn
chrotrons in the U.S. S.R. during the 
1970's, the devices were built chiefly 
to verify principles of their operation 
and produced primarily visible light. 
The development of an undulator ca
pable of generating vuv light and X
radiation was hampered before 1979, 
because it was believed such an un
dulator would have to incorporate 
complex and costly superconducting 
coils in its electromagnetic poles so 
as to avoid overheating of the coils. 
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BRIGHTNESS OF X RAYS has increased by many orders of magnitude since the advent 
of synchrotron-radiation sources. Undulators in storage rings are the brightest source. 
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This situation changed following 
the seminal work of Klaus Halbach 
of the Lawrence Berkeley Laboratory 
(LBL). Halbach showed that, in place 
of electromagnets, strong permanent 
magnets made from rare-earth ele
ments and cobalt could be arranged 
in simple arrays to construct alternat
ing-field devices. Such devices have 
the property that the field strength in 
the gap between the poles remains 
constant as all linear dimensions are 
reduced in scale. Hence short-pole 
permanent-magnet insertion devices 
can be made (allowing more elec
tron-beam oscillations in a given 
length), whereas devices based on 
electromagnets quickly run into coil
heating problems as they are scaled 
down. Halbach's work implied that 
permanent-magnet undulators suit
able for use as vuv and X-ray sources 
in storage rings could be made rather 
simply and economically. 

The first undulator intended as an 
X-ray source for experiments was 
installed in the SPEAR storage ring 
in late 1980, the result of a joint ef
fort of the LBL and the SSRL. It deliv
ered X-radiation having photon en
ergies of about 1 KeY (1,000 electron 
volts) that was more than 100 times 
brighter than the radiation supplied 
by the ring's bending magnets. In its 
first application as a radiation source 
in 1981, a pinhole was employed to 
select the proper bandwidth for the 
experiment, taking advantage of the 
natural correlation between wave
length and emission angle of undu
lator radiation. The undulator deliv
ered four orders of magnitude more 
photons than had been available ear
lier from a bending-magnet beam 
line. A similar device was built at 
about the same time in Novosibirsk 
in the U. S. S. R. by Gennady Kulipanov 
and Niccolai Yinokurov. 

The demonstration gave the SSRL 
and other laboratories a strong im
petus to develop insertion devices, 
namely wigglers and undulators, for 
their rings. At present a total of about 
20 insertion-device beam lines are in 
use as radiation sources around the 
world, and more are under construc
tion. Major efforts are under way to 
add insertion-device beam lines to 
the largest facilities fully dedicated 
to the production of synchrotron ra
diation, such as the Photon Factory 
in Japan and the National Synchro
tron Light Source at Brookhaven. 

Scientific Applications 

A broad range of scientific applica
tions will stand to benefit from these 

© 1987 SCIENTIFIC AMERICAN, INC



improvements in synchrotron-radia
tion sources. Wavelengths within the 
vuv and X-ray ranges spanned by 
synchrotron radiation have the same 
dimensions as characteristic struc
tures in atoms and molecules, mak
ing the radiation an excellent probe 
of the structure of matter. Moreover, 
synchrotron radiation is "tunable": a 
very narrow bandwidth can be se
lected from the intense, broadband 
source by means of a monochroma
tor. In the vuv domain a monochro
mator is a diffraction grating: a slab of 
polished material on which many 
closely spaced grooves have been 
scratched or etched. 

In the X-ray domain gratings can
not be employed, because it is not 
possible to make the grooves close 
enough to one another to match the 
shorter wavelengths of the radiation. 
Instead planes of atoms in a large 
monolithic crystal are employed. A 
particular wavelength is reflected by 
the electrons of the atoms in a proc
ess known as Bragg scattering. In this 
way beams of X rays can be made 
with energies defined to about one 
part in 10,000 and in some cases 100,-
000. Recently investigators succeed
ed in defining the energy of X-ray 
beams down to a phenomenal one 
part in a trillion by scattering syn
chrotron radiation off the nuclei of 
atoms in a crystalline lattice (so
called nuclear Bragg scattering). The 
fact that synchrotron radiation can 
be tuned so precisely significantly 
extends the range of phenomena 
that can be studied using these X
ray beams. 

The tunability of synchrotron ra
diation makes it possible to exploit 
the fact that each element exhibits a 
sharp increase in absorption at cer
tain wavelengths, called absorption 
edges. The absorption edges arise 
from the fact that an electron in a giv
en energy level can absorb a photon 
(and escape from an atom) only when 
the photon's energy exceeds a cer
tain well-defined value known as the 
electron's binding energy. 

In a technique known as extend
ed X-ray absorption fine structure 
(EXAFS) much detailed information 
about the local environment around 
atoms of a particular element in a 
complex material is extracted from 
measurements of X-ray absorption 
made in a continuous scan of the 
photon energy fromjust below an ab
sorption edge of the element to sev
eral hundred volts above the edge 
[see "The Analysis of Materials by X
Ray Absorption," by Edward A. Stern; 
SCIENTIFIC AMERICAN, April, 1976]. A 

a 

b 

c 

d 

INSTANTANEOUS PATIERN 

BENDING 
MAGNET 

\ 
o 

ARC COVERED 
BY BEAM LINE 

tXXXX:::J 

WIGGLER 

Vl Vl u.J 
Z 
f
I 
LJ 
� '" 
-' 

1019 

1018 

1017 

1016 

lOIS 

1014 

1019 

1018 

1017 

1016 

( 
lOIS 

1014 

1019 

1018 

1017 

1016 

lOIS 

1014 

V 

V 

;'2 1019 
f
U u.J ClVl 1018 
u.J 
LJ 
« 
� 1017 

� 
1016 

101 

5 � 1014 
o 

\I H 
I 2 3 

-

11 
4 

PHOTON ENERGY 
(THOUSANDS OF ELECTRON VOLTS) 

EMISSION PATTERN AND ENERGY SPECTRUM of photons generated in a storage ring 
depend on the speed of the electrons and the device through which they travel. If the 
electrons were made to pass through a bending magnet at speeds much less than the 

speed of light (a), they would emit radiation in almost all directions, but the radiation 
would be so diffuse and of such low energy that it would not even appear on the graph. 
Electrons traveling through a bending magnet at relativistic speeds (b) produce much 

more intense radiation, including photons at higher energies, emitted in a narrow cone 
tangent to their curved path. Because the axis of the cone coincides with the electrons' 
direction of travel, it traces a swath as the electrons circulate. Relativistic electrons in a 
wiggler (c) produce a similar but much brighter beam that results from the superposi
tion of radiation arising from each electron-beam oscillation. The beam emanating 
from an undulator (d) is much more tightly focused and therefore brighter. Owing 
to interference effects, photons are concentrated according to their energy (indicat
ed by different colors) at specific angles from the axis of the beam, making it pos
sible to employ a pinhole or an annular slit to select radiation of a particular energy. 
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synchrotron-radiation source makes 
it possible to do such a photon-ener
gy scan in a few minutes (in some 
cases in a few seconds); with con
ventional X-ray generators days or 
weeks were necessary. Hence by 
employing synchrotron radiation in
stead of conventional X rays, inves
tigators can measure many more 
samples, study more dilute species 
and follow structural changes dur
ing chemical reactions as they occur. 
In short, synchrotron radiation has 
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transformed the technique of EXAFS 
from an interesting curiosity to a 
broadly applicable tool of analytical 
chemistry. 

The tunability, brightness, collima
tion and beam stability of synchro
tron radiation also recently made it 
possible to develop X-ray microto
mography: a new microscopic-imag
ing technique that produces views of 
cross-sectional slices through a small 
sample. The technique yields images 
with a resolution approaching a mi-
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SPECTRUM OF ELECTROMAGNETIC RADIATION represents the range of photon 
wavelengths or energies that are most scientifically useful. The spectrum can be cov· 
ered only by a multiplicity of radiation sources. Radiation employed to detect an object 
must have a wavelength that is equal to or less than the object's dimensions. Synchro
tron-radiation sources provide exceedingly bright radiation in the ultraviolet and X-ray 

regions, which span the wavelengths suited to study atomic and molecular structures. 
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crometer (a millionth of a meter)-
1,000 times better than conventional 
tomographic scans. By tuning the X
ray energies to bracket particula

·
r ab

sorption edges, images can be proc
essed to produce element-specific 
structural maps. 

The diffraction, or scattering, of 
X rays rather than their absorption 
can serve as a probe of the magnet
ic properties of materials and phase 
transitions in two-dimensional sys
tems such as surface layers and liq
uid-crystal films. In both these appli
cations the effects of interest are very 
weak, and only extremely high-in
tensity radiation yields a reasonable 
number of scattered X rays. From the 
angles and energies at which X rays 
are scattered considerable informa
tion can be obtained. These and oth
er X-ray techniques have opened up 
entirely new possibilities for learning 
about atomic arrangements in many 
condensed-matter systems. 

Other properties characteristic of 
synchrotron radiation can be exploit
ed as well. For example, the radia
tion's polarization makes it possible 
to determine the orientation of mole
cules adsorbed on surfaces, since the 
probability that an electron in a mol
ecule will absorb an X-ray photon de
pends on the orientation of the mole
cule with respect to the direction 
of polarization of the photon. The in
formation gleaned from these types 
of measurements is of great impor
tance, since such surface phenomena 
underlie the corrosion of materials 
and the catalytic processes on which 
the refining of oil depends. 

Similarly, the pulsed nature of syn
chrotron radiation can be turned to 
advantage in many experiments, for 
instance those designed to deter
mine the lifetime of excited states of 
atoms or molecules. A sharp, well
defined pulse of synchrotron radia
tion turns on a timer at the same in
stant that it strikes a sample of mate
rial, exciting atoms or molecules into 
a higher energy level. The timer is 
then switched off when a detector 
registers the arrival of a particle or 
photon emitted by the excited atom 
or molecule as it decays to a lower 
energy level. 

Most intriguing perhaps are the po
tential applications made possible by 
the coherent radiation provided by 
undulators. Although it is not as co
herent as visible light from some la
sers, undulator radiation has much 
higher levels of coherence than was 
previously available in the VlN and 
X-ray regions of the spectrum. As 
more beam lines and more powerful 
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IMAGES made with synchrotron radiation display its versatility. 
X rays produced by storage rings can be scattered from a protein 
crystal to make a diffraction pattern (left) that is recorded on 
film. Such patterns yield information about the crystal's struc
ture. (The streaks are an artifact of the crystal's rotation during 
the exposure.) Because each element's absorption of X rays in
creases sharply at characteristic photon energies, known as ab
sorption edges, the "tunable" X-radiation that can be produced at 

synchrotron-radiation sources allows element-specific images 
to be made. A scanning X-ray micrograph of a piece of human 
skull (middle) illustrates the calcium distribution in the bone. 
The sensitivity of X rays to specific elements can also be put to 
use in X-ray microtomography, a technique that enables investi
gators to reconstruct a two-dimensional slice of a sample from 
numerous X-ray projections. Such an image reveals the internal 
microstructure of a small lump of coal in cross section (right). 

undulators are installed in storage 
rings, applications based on this co
herence, such as X-ray holographic 
imaging, will no doubt be advanced. 

Technological Applications 

The unique characteristics of syn
chrotron radiation open up new ca
pabilities for medicine and industry 
as well. The capability to tune the 
radiation to an element's absorption 
edges, for example, can be fruitfully 
applied in medical diagnostic radiog
raphy. Currently angiograms, or im
ages of blood vessels, are obtained 
by injecting an iodine-containing so
lution into the circulation and ex
posing the patient to conventionally 
generated X rays. Because these X 
rays are not tuned to the absorption 
edge of iodine and are also relatively 
weak, a rather high concentration of 
iodine is required. Moreover, in the 
case of angiograms of the coronary 
arteries the exposure must be no 
longer than a few milliseconds to pre
vent blurring due to heart motion. 
The required iodine concentration is 
achieved in coronary angiography 
by injecting the solution through a 
catheter that has been worked down 
a major artery until it is in the vicinity 
of the coronary arteries. This proce
dure produces radiograms of excel
lent quality, but it is invasive and as
sociated with significant risks. 

The sensitivity to contrast agents 
such as iodine can be enhanced by 
two or more orders of magnitude by 
noting the difference between two 
exposures made with monochromat
ic X-ray beams, one beam with an en
ergy just above the absorption edge 

and the other with an energy just 
below it [see illustration on next page]. 
Such beams can be readily produced 
using synchrotron radiation. Taking 
the difference between the two im
ages enhances the contrast between 
the blood vessels carrying the iodine 
and the other tissues of the body, 
since the nonvascular tissue is in ef
fect "subtracted out." 

This dual-energy subtraction tech
nique may make it possible to image 
the coronary arteries in less time and 
with a much smaller iodine concen
tration than is needed for conven
tional angiography. The lower con
centration may eliminate the need 
for an interarterial catheter, thereby 
lowering the risk considerably. 

The collimated and intense X-radi
ation that can be generated in stor
age rings has yet another applica
tion, potentially of great significance 
to the electronics industry: the manu
facture of high-density integrated cir
cuits. Integrated-circuit chips are cur
rently manufactured by applying op
tical lithographic techniques to etch 
successive layers of circuitry into a 
wafer of a semiconductor material. 
The pattern of the circuitry is defined 
by coating the wafer with a light
sensitive substance called photore
sist and illuminating the coated wa
fer with visible or ultraviolet light 
through a "mask," or a stencil im
printed with the pattern. Depending 
on the type of photoresist, either the 
exposed or the unexposed photore
sist is easily washed away and the 
remaining sections of photoresist 
outline the pattern. 

The minimum size, and hence the 
maximum number, of elements in a 

circuit is set by diffraction effects that 
blur the pattern exposed through the 
mask. The extent of these effects de
pends on the wavelength of radiation 
illuminating the mask. If visible or 
ultraviolet light is employed, only 
features larger than about 500 nano
meters can be replicated accurate
ly. Shorter-wavelength light ("soft" X 
rays with a wavelength of between 
one nanometer and two nanometers 
seem optimal) would make it possi
ble to replicate faithfully features on 
the order of 50 nanometers or less. In 
a related application, called X-ray mi
cromachining, nonelectronic struc
tures with very large height-to-width 
ratios can be carved out of the sur
face of materials if the photoresist 
is illuminated with higher-energy X 
rays. This lithographic technique can 
be applied to make microscopic fil
ters and nozzles. 

In order for X-ray lithography to 
be economical as a mass-production 
technique, however, exposure times 
of about a second are required. It 
appears that only synchrotron-ra
diation sources can supply X-radia
tion at the necessary intensities to 
make such exposure times feasible. 
The possibility that X-ray lithogra
phy will be the technique of choice to 
mass-produce circuit elements small
er than those produced by visible
or ultraviolet-light lithography has 
led groups in Japan, West Germany, 
Great Britain and the U. S. to design 
special storage rings for the purpose. 
To achieve the most compact pro
duction facility, some storage-ring 
designs incorporate superconduct
ing bending magnets. 

In spite of the myriad applications 
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of synchrotron radiation, none of the 
currently operating storage rings is 
capable of achieving the full poten
tial from insertion devices, in particu
lar undulators. This has led to an in
tense worldwide activity to design 
and construct the next generation of 
storage rings specifically designed to 
accommodate wigglers and undula
tors. The first of these, the .8-GeV Su
per-Aco ring in Orsay, France, began 
operation early in 1987. Several other 
rings have recently been authorized 
for construction. These include the 
1. 3-GeV Taiwan Light Source, the 6-
GeV European Synchrotron Radia
tion Facility in Grenoble, the 1. 5-GeV 
Advanced Light Source at Berkeley, a 
1. 5-GeV ring in Trieste and a 2.5-GeV 
ring in Moscow. Other groups are in 
the process of developing proposals 
for such rings, including groups at 
the Argonne National Laboratory and 
at laboratories in Brazil, West Germa
ny and the U. S.S.R. 

These new storage rings will have 
many straight sections to accommo
date wigglers and undulators, and 
they will have electron-beam proper
ties optimized to extend significantly 
the performance of these insertion 

devices. In particular the stored elec
tron beams in these rings will have a 
small diameter and will tend not to 
dilate-a combination of properties 
termed low emittance. 

As was recognized in 1976 by Ken 
Green and Rena Chasman of the 
Brookhaven National Laboratory, the 
lower the emittance of an electron 
beam is, the higher will be the bright
ness of the radiation beams it pro
duces. Most existing rings have emit
tances of 100 nanometer-radians or 
more. Some rings under construction 
have design values between five and 
10 nanometer-radians, which will 
allow undulators in them to have 
a brightness about 100 times high
er than undulators in existing rings. 

Yet the maximum practical levels 
of brightness and coherent power for 
undulator radiation are reached only 
at the so-called diffraction limit, in 
which the emittance of the electron 
beam is numerically about equal to 
one-tenth of the wavelength of the ra
diation. Any lower emittance would 
not improve the radiation owing to 
fundamental diffraction effects. Thus 
a diffraction-limited electron beam 
capable of producing . 1  nanometer 

DIFFRACTING CRYSTALS 

(12.4 KeV) X rays would have an emit
tance of about .01 nanometer-radian. 

Improving Ring Performance 

Achieving such exceedingly low 
emittances clearly poses a daunting 
challenge to designers of storage 
rings. The emittance of the beam in 
an electron storage ring is deter
mined by an equilibrium established 
between processes that cause indi
vidual electrons to oscillate trans
versely to the beam and processes 
that damp these oscillations, which 
are known as betatron oscillations. 
Betatron oscillations are excited by 
emissions of photons that are at a 
slight angle to the direction of motion 
of an electron, since the emissions 
cause the electron to recoil in a direc
tion transverse to its motion. Radio
frequency cavities damp the beta
tron oscillations as they restore the 
energy lost to synchrotron radiation, 
because the cavities impart momen
tum to electrons only in the beam's 
direction of motion. 

The resultant electron-beam emit
tance depends on the specific ar
rangement of bending and focusing 
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CORONARY ANGIOGRAPHY (imaging of the coronary arteries) 
is more sensitive and potentially less risky when synchrotron ra

diation is used instead of conventional X-ray sources. An iodine
containing liquid has been injected into the patient's blood. 
Special diffracting crystals convert synchrotron radiation into 
beams with photon energies just above and just below an ab
sorption edge of iodine. The two beams converge at the patient's 
heart and then diverge to strike separate detectors. The higher-

energy beam is absorbed nearly as much as the lower-energy 

beam by soft tissue and bone, but the iodine absorbs much more 
of the higher-energy beam. Taking the difference between the 

images generated by the two detectors in effect "subtracts out" 
most of the patient's body tissues and bone, leaving an image in 
which the coronary arteries and other blood vessels are en
hanced. Conventional angiography, because it is less sensitive, 
requires that the iodine be infused directly into the arteries. 
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magnets, which make up what is 
called the magnet lattice of the ring. 
The magnet lattice must also provide 
adequate "dynamic aperture": room 
for electrons to deviate in stable beta
tron oscillations from the path de
signed for the electron beam. Elec
trons freshly injected into the ring 
undergo such deviations; they are 
also induced when individual elec
trons scatter from residual gas mole
cules in the vacuum system. The os
cillating electrons eventually accu
mulate at the core of the stored beam 
as a result of the combined damping 
effect of synchrotron radiation and 
radio-frequency cavities, neverthe
less the magnet lattice must provide 
sufficient dynamic aperture to keep 
the beam from losing too many elec
trons until the damping takes place. 
A large dynamic aperture also eases 
tolerances on the alignment and field 
quality of the magnets and facilitates 
operation of the ring. 

Low emittance can be generally 
achieved by focusing the beam with 
many strong quadrupole and sextu
pole magnets. Unfortunately the non
linear character of sextupole fields, 
which are needed to correct aberra
tions in the focusing effects of the 
quadrupole fields, results in a limit
ing of the range of stable particle os
cillation-that is, in a small dynamic 
aperture. As a result particular care 
must be taken in the design of the 
magnet lattice so that a large enough 
dynamic aperture is preserved as the 
emittance is reduced. 

Another possible way to achieve 
very low emittance is to place tens or 
even hundreds of meters of specially 
designed wigglers in the ring. This 
approach may be a good way to 
obtain extremely low emittance, be
cause it should not reduce the dy
namic aperture. Helmut Wiedemann 
of Stanford University has calculated 
that if 200 meters of damping wig
glers are employed, the emittance of 
the PEP storage ring at Stanford could 
be reduced by about a factor of 10 
when the ring is operated at 6 GeV, 
reaching a respectable value of about 
. 5  nanometer-radian. 

There are many other technical 
challenges involved in constructing 
synchrotron-radiation sources opti
mized for insertion devices. For ex
ample, positive ions produced from 
interactions of the electron beam 
with the residual gas in the vacuum 
chamber-even at operating pres
sures of a few trillionths of atmos
pheric pressure-are trapped by the 
negatively charged electron beam, 
causing increased scattering and un-

controlled focusing effects. The best 
solution to the ion-trapping problem 
in storage rings appears to be to store 
not electrons but positrons (the an
timatter counterparts of electrons). 
Positive ions are repelled by the posi
tron beam, which also produces syn
chrotron radiation. 

The higher radiated flux and pow
er density in new storage rings also 
bring new problems. Insertion de
vices currently in operation on mul
ti-GeV rings produce a total radiat
ed power of several kilowatts, and 
beam-line components are exposed 
to a power density of up to 10 kilo
watts per square centimeter. This is 
about the power density found in a 
welding arc! The even higher power 
density that future synchrotron-ra
diation sources will yield therefore 
requires further improvements in 
the design of beam-line components, 
particularly optical components that 
must maintain fine precision under 
the intense thermal stress. The high
er flux also necessitates the develop-

ment of high-speed photon detectors 
and more powerful data-processing 
systems. In short, virtually all the 
components of existing beam lines 
and experimental stations must be 
upgraded to match the capabilities of 
the next-generation sources now be
ing designed and built. 

Nevertheless, the effort entailed 
will be worthwhile. As these new 
rings are brought into operation, a 
large community of workers in basic 
and applied research will be able to 
tackle many known phenomena that 
are inscrutable to investigators em
ploying current sources of radiation. 
Even more exciting is the expecta
tion that these new sources will open 
the way to important new science. 
Indeed, the past two decades have 
shown that with each order-of-mag
nitude improvement in flux, bright
ness, coherence or some other prop
erty of synchrotron radiation, nov
el applications have come-in many 
cases unimagined until the source 
was actually available. 

LABORATORY BUILDING 

D 

D 

LINEAR ACCELERATOR-

LARGE SYNCHROTRON-RADIATION FACILITY, such as the one depicted here, can 
reach a kilometer in circumference and serve thousands of investigators carrying out 
small-scale experiments at the ends of many beam lines. The storage ring, which circu
lates electrons or positrons with energies between 6 and 8 GeY (billion electron volts), 
is designed to produce extremely bright radiation with photon energies well above 10 
KeY (thousand electron volts). One such facility is being built in Grenoble, France, as 
a collaborative European project; others are being proposed in Japan and the U.S. 
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The Ancestry of the Giant Panda 
Is the panda a bear? Is it a raccoon? Or does it actually 
belong in a family of its own? Molecular analysis provides 
new insights into this long-standing genealogical problem 

T
he shy and gentle panda, Ailu
ropoda melanoleuca, leads a no
madic life high in alpine bam

boo forests on the edge of the Tibet
an plateau in western China. With its 
huge eyespots, Mickey Mouse ears 
and playful, juvenile appearance, it is 
one of the most widely recognized 
and cherished of all animal species. 
Yet from an evolutionary point of 
view it has also been one of the most 
enigmatic. For almost 120 years bi
ologists have disagreed about the 
correct taxonomic placement of this 
species, alternatively placing it with 
bears in the family Ursidae, with rac
coons in the family Procyonidae or in 
its own family, the Ailuropodidae. My 
studies and those of my colleagues at 
the National Cancer Institute and the 
National Zoological Park in Washing
ton suggest that the riddle of the pan
da's ancestry has now been solved. 

The controversy began in the year 
1869 when the giant panda was first 
described by Pere Armand David, 
a French missionary and naturalist 
based in China. David recognized the 
panda as a species new to science 
and named it Ursus melanoleucus (for 
black-and-white bear). The following 
year Alphonse Milne-Edwards, a col
league of David's (and later direc
tor of the Museum of Natural History 
in Paris), examined skeletal material 
sent to him by David and concluded 
that the giant panda was more close
ly related to the lesser or red panda, 
Ailurus fulgens(also from China), than 
it was to a bear. Because the ancestry 
of the red panda had already been es
tablished (it was considered a mem
ber of the raccoon family), Milne
Edwards believed the bearlike ap
pearance of the giant panda was a 
holdover from the past, a reflection 
of its descent from an ancestor com
mon to both bears and raccoons. He 
renamed it Ailuropoda melanoleuca. 

Since that time more than 40 trea-
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tises on the subject of the giant pan
da's ancestry have been published, 
but in spite of these labors no clear
cut consensus emerged from them. 
As recently as 1964 D. Dwight Davis, 
curator of mammals at the Field Mu
seum of Natural History in Chicago, 
published an extensive account of 

the anatomy of Ailuropoda and con
cluded on the basis of a comparative 
study of 50 organ systems that the 
panda was a member of the bear fam
ily. Soon thereafter Desmond Morris, 
curator at the Zoological Society of 
London, and R. F. Ewer of the Uni
versity of Ghana independently con-

LING-LING and her male partner Hsing-Hsing at the National Zoological Park in Wash

ington (right), like all giant pandas, have a slow, ambling gait that reflects the long 
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cluded on behavioral and morpho
logical grounds that the giant panda 
belonged in the raccoon family. More 
recently ethologists John F. Eisen
berg of the University of Florida and 
George B. Schaller of the New York 
Zoological Society recommended 
that the giant panda be placed in its 
own family, the Ailuropodidae. That 
view was endorsed in 1986 by a team 
of Chinese scientists including sever
al from the Beijing Zoo and Beijing 
University, who published a lengthy 
anatomical account of the panda. 

Such problems reflect the difficul
ties encountered by systematists 

who must identify species and deter
mine their relationships to other or
ganisms. One of the key decisions 
a systematist must make is whether 
a character is homologous to a simi
lar character in another species or 
whether it is merely analogous. If a 
trait is homologous, it has arisen as 
the result of common descent; that is, 

all the species possessing it have de
scended from a common ancestor. 
All members of the class Mammalia, 
for example, have body hair, young 
that are nourished by the mammary 
glands of females, and four-cham
bered hearts. All members of the cat 
family have retractable claws, four 
toes on their hind feet and contractile 
pupils. The degree of evolutionary 
relationship is determined by count
ing the number of homologous char
acteristics shared by different spe
cies; the more closely related two 
species are, the greater the number 
of traits they have in common is. 

One difficulty in identifying a ho
mologous character is that its genetic 
basis is rarely understood. A small 
morphological change may result 
from extensive reorganization of 
multiple genes and thus represent a 
quantum jump in evolution at the 
molecular level. Conversely, an ap
parently major structural change 
(such as the appearance of an oppos-

able thumb in the panda) may result 
from small genetic changes. 

If a trait possessed by two or more 
species is analogous, it means those 
species owe their similarity to con
vergence, a process by which unre
lated organisms evolve similar struc
tures in response to the same en
vironment. The wings of birds and 
insects are an example of conver
gence; they perform identical func
tions but have arisen by independent 
means. Because convergent charac
ters do not share a common descent, 
they may confound the deductive 
process and mislead the naturalist. 
That is the case with the giant panda. 

The giant panda looks like a bear 
but has many traits that are not at 

all bearlike. Like the red panda, it is 
largely herbivorous, existing primar
ily on a diet of bamboo; it has a mas
sive head, large, flattened teeth and 
well-developed jaws and jaw mus
cles that provide the grinding power 

hours they spend upright feeding on bamboo. Red pandas (left) 
are raccoons, not bears; like the giant panda, however, they feed 

primarily on bamboo and have some anatomical features, such 
as flat grinding teeth with multiple cusps, in common with it. 
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GIANT PANDAS are indigenous to China, where they live in regions (color) of alpine 

forest on the edge of the Tibetan plateau. Habitat loss, attributable to human popula

tion growth, deforestation and the cyclical dying off of bamboo forests, threatens the 

panda with extinction. Fewer than 1,000 pandas exist in these regions of China today. 

necessary for its high-fiber vegetari
an diet. One of the giant panda's 
unique features is that it is the only 
species outside the apes known to 
have a functional opposable thumb. 
The two types of thumb are strictly 
analogous; the panda thumb, unlike 
the primate thumb (which is a modi
fied fifth digit), is an extension of the 
radial sesamoid wristbone and func
tions as a sixth digit, enabling the 
panda to strip the leaves from bam
boo stalks with considerable dexter
ity. These characteristics and others 
have combined to produce an am
bling creature specialized for Sitting 
upright on its hindquarters for long 
periods of time (as much as 10 to 12 
hours per day) eating bamboo in a 
peaceful predator-free environment. 

In addition the giant panda is an 
atypical bear for reasons not direct
ly related to its diet. Alpine bears gen
erally hibernate, whereas the giant 
panda does not. (Bamboo is thought 
to provide insufficient fuel for hiber
nation.) Another characteristic of the 
panda that has confused taxonomists 
is its vocal sounds: the animal does 
not growl or roar but bleats like 'a 

1 04 

sheep. On a cellular level, biologists 
have been perplexed by the fact that 
in both number and morphology its 
chromosomes, of which there are 21 
pairs, more closely resemble those of 
the red panda (22 pairs) than they do 
those of bears (37 pairs). 

My colleagues at the National Can
cer Institute and I became inter

ested in the question of the giant pan
da's ancestry in 1983, when we were 
asked to determine the paternity of 
a cub born to Ling-Ling, one of two 
pandas at the National Zoo. The ques
tion had arisen as the result of rather 
bizarre circumstances. After several 
years of cohabitation Ling-Ling and 
her male partner Hsing-Hsing had 
failed to mate, and a decision was 
made to artificially inseminate Ling
Ling with sperm from Chia-Chia, a 
panda in captivity at the London Zoo. 
To everyone's amazement, 24 hours 
before the scheduled insemination 
procedure Ling-Ling mated with 
HSing-Hsing for the first time. In spite 
of this, zoo officials decided to pro
ceed with the artificial insemination 
and Ling-Ling received sperm from 

Chia-Chia in addition to the sperm 
she had already received from HSing
Hsing. This maximized the chances 
of successful fertilization but left the 
paternity of the cub in question. 

Although the panda cub died with
in a few hours of birth, paternity was 
readily established (as it can be for 
human beings) by a method called 
gel electrophoresis. Different pro
teins were isolated from the cub's 
tissue samples and placed on a gel 
matrix, where they separated when 
exposed to an electric field. By com
paring the cub's patterns of sepa
ration (identical proteins travel the 
same distance on the gel) with those 
of both Hsing-Hsing and Chia-Chia, 
we were able to determine that the fa
ther was indeed Hsing-Hsing. 

We then asked ourselves wheth
er we could employ similar genetic 
techniques to obtain data relevant to 
the ancestry of the giant panda. If the 
panda was more similar on a molec
ular level to raccoons than to bears, 
or vice versa, this would certainly 
provide compelling evidence favor
ing one genealogy over the other. Ac
cording to the rules of homology, we 
could expect the proteins of the giant 
panda (and the DNA sequences that 
encode them) to be most like those 
of its closest relatives. We set out to 
compare homologous proteins from 
the giant panda, the red panda, the 
raccoon and several bears. 

To make sense of our results one 
needs to understand the "mo

lecular clock" hypothesis. This con
cept, originally articulated in 1962 
by Emile Zuckerkandl and Linus Pau
ling, then at the California Institute of 
Technology, is simple and powerful. 
It is based on the premise that the ge
netic material of reproductively iso
lated populations diverges continu
ously over the course of time. The 
populations diverge because random 
mutations arise in their DNA (the 
hereditary material) and are passed 
on to subsequent generations. These 
mutations may occur in regions of 
DNA that code for particular ami
no acids (the building blocks of pro
teins), or they may affect noncoding 
regions of DNA that have no appar
ent effect on the composition of the 
organism. In either case, because 
they accumulate with time, the ex
tent to which two species differ-ei
ther in a sequence of DNA nucleo
tides or in the amino acid sequence 
of a particular protein-is a good indi
cation of relationship. On the basis of 
this information, geneticists can esti
mate the approximate point in time 
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when two species diverged from a 
common ancestor. 

The emergence of the molecular
clock hypothesis laid the foundation 
for an entirely new field of biolo
gy known as molecular evolution. 
In spite of certain reservations (the 
rate at which mutations accumulate 
varies from molecule to molecule 
and may not be the same for all spe
cies), most evolutionary biologists 
acknowledge that genes do mutate in 
a steady, time-dependent manner. 
For this reason molecular data can be 
a valuable adjunct to more tradition
al methods of taxonomic study. 

We initiated our research on the an
cestry of the giant panda by collect
ing blood and skin samples from six 
species in the family Ursidae (the 
brown bear, the polar bear, the Asi
atic black bear, the American black 
bear, the sun bear and the sloth bear) 
and from three species in the family 
Procyonidae (the red panda, the rac
coon and the kinkajou). 

We began our analysis with a tech
nique known as DNA hybridization. 
Fibroblast cells (chosen because they 
divide readily in culture) from a se
lected species are grown in a me
dium containing radioactive nucleo
tides. As the fibroblasts divide, they 
incorporate the radioactive nucleo
tides into their newly synthesized 
DNA. Single strands of this radioac
tive DNA from one species are then 
mixed in the laboratory with single 
strands of nonradioactive DNA from 
a second species. The two types are 
allowed to form double-strand hy
brid DNA molecules; the extent of hy
bridization is assessed by measuring 
the radioactivity of the newly formed 
DNA. The sequence homology of 
DNA from the two species is indicat
ed by the temperature at which the 
hybrid strands unwind when subject
ed to heat. This so-called melting 
temperature is inversely proportion
al to the differences in the composi
tion of the two DNA strands that 
formed the hybrid DNA molecule. 

A matrix of melting temperatures 
was generated by Raoul E. Benve
niste, one of my colleagues at the Na
tional Cancer Institute, from DNA-hy
bridization studies on the giant pan
da and its relatives. We used these 
data and the principles of the mo
lecular-clock hypothesis to construct 
a phylogenetic diagram (a classifica
tion that expresses evolutionary re
lationships between organisms). Ac
cording to our data, the procyonids 
were the first group to split from an 
ancestor common to both the bear 
and the raccoon families; soon after-

ward the red panda diverged from 
the main lineage of the raccoon fam
ily. More important, our data indicate 
that the giant panda is more closely 
related to bears than to raccoons. 

Although we were fairly confident 
of our results, we needed to carry our 
analysis several steps further. One 
reason was that we wanted to test our 

BROWN BEAR 

GIANT PANDA 

results for consistency; could we ob
tain the same phylogeny with other 
methods and molecules? We turned 
to gel electrophoresis, one of the 
techniques we had used to determine 
the paternity of Ling-Ling's cub. We 
wanted to measure genetic similarity 
by comparing mutational differences 
in genes that code for isozymes: dif-

I-----< 
TWO 

INCHES 

ANATOMY of the giant panda differs considerably from that of its relatives, the bears 

and raccoons. The distinctive skull, for example, represents an adaptation to herbivory: 

the enlarged cranium provides extra grinding power for macerating bamboo. The op

posable thumb, formed by an extension of the wristbone (shown in color), is an adapta

tion enabling the panda to strip leaves from stalks of bamboo. Many such specializa

tions have confused taxonomists studying the evolutionary relationships of the panda. 
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DISTINCTIVE CHROMOSOMES of the giant panda, Ailuropoda melanoleuca, which 

were once considered a strong argument against including pandas and bears in the 

same family, have now been shown to be the result of simple chromosome fusion. De· 

tailed analysis of banding patterns reveals that the panda's chromosomes are derived 

from an ancestral bear (now extinct), whose chromosomes apparently fused end to end; 

the centromere acts as a central connecting point. Representative chromosomes (1-3) 
from the giant panda (in each pair at left) are compared with their homologues from the 

brown bear Ursus arctos (in each pair at right). In the first frame they are paired with 

one homologue; in the next frame they are inverted 180 degrees and paired with their 

second homologue. By matching the banding patterns it can be determined, for exam· 

pie, that one half of chromosome 1 in the giant panda is homologous with chromosome 

2 in the brown bear and that the other half is homologous with bear chromosome 3. 

ferent versions of homologous en
zymes. The relative mobilities of 
some 50 homologous enzymes iso
lated from nine different species 
were compared and the results were 
used to estimate the "genetic dis
tance" (the average number of muta
tional differences per gene) between 
representative individuals from the 
various species. 

We found (after compensating for 
the limited resolution of electropho
resis and the relative rates of amino 
acid substitution) that the genetic
distance values between the species 
do vary in proportion to the length 
of time those species have been re
productively isolated. We were able 
to construct a phylogenetic diagram 
based on our isozyme genetic-dis
tance values that was structurally 
equivalent to the tree produced by 
DNA-hybridization data. The inde
pendent agreement of the DNA and 
isozyme trees increased our confi
dence in both the phylogenetic tree 
we had constructed and the fidelity 
of the molecular clock. 

Next we turned our attention to a 
molecular technique called two

dimensional electrophoresis. Again, 
one measures protein migration on a 
gel, but the method makes it possible 
to compare large numbers of pro
teins (more than 300) at the same 
time. As before, one can estimate 
the genetic distance between various 
species based on the degree to which 
their protein profiles (determined by 
protein mobility on a gel) differ from 
one another. I asked David Goldman 
of the National Institute of Mental 
Health to examine fibroblast proteins 
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from the giant panda and its rela
tives. His results were resounding in 
their corroboration of our previous 
findings. 

As a final confirmation of the reli
ability of our phylogenetic diagram, 
we compared our results with those 
obtained by Vincent M. Sarich of the 
University of California at Berkeley, 
who in 1973 had carried out a series 
of immunological tests on the panda 
and its relatives. These tests estimate 
the evolutionary distance between 
species by comparing the extent to 
which a serum protein (such as albu
min) from one species will react with 
antibodies raised against that protein 
from a different species. The fewer 
the antibody molecules that bind, 
the more distant the relationship be
tween the species. Although Sarich's 
results were equivocal with respect 
to the red panda, they agreed nicely 
with what my colleagues and I had 
found out about the giant panda: that 
it is more closely related to bears 
than it is to raccoons. 

Once we had established the con
sistency of our data, we needed to 
set the time on our molecular clock 
by calibrating our phylogenetic tree 
with data from the geologic record. 
This is necessary in order to deter
mine the chronology of bran<:hing 
points on the tree. Although we now 
knew which species were most close
ly related to one another, we did not 
know how long ago in the earth's his
tory they had diverged and split into 
separate lineages. 

One way to calibrate an evolution
ary tree based on molecular data is to 
correlate the rate of molecular evolu
tion in that group (in this case nine 

species in the order Carnivora) with a 
second, unrelated group, suth as the 
primates, whose protein molecules 
appear to be advancing at the s'ame 
rate as the carnivores and whose fos
sil history is well documented. If we 
could show that two species of pri
mates had the same molecular-dis
tance values as two species of bears, 
we could assume that both groups 
diverged at about the same time. Put 
a different way, if we could show 
that the albumin molecule is as differ
ent in the black bear and the sun bear 
as it is in the gorilla and the chim
panzee, we would know that these 
groups diverged at approximately 
the same point in geologic time. 

We repeated the same set of mo
lecular analyses we had carried out 
on the panda on several species of 
primates. Because our data matched 
those obtained by other geneticists 
studying molecular evolution in pri
mates, we could have confidence in 
the accuracy of our results. Based on 
an estimated date of African ape-hU
man divergence at 3 5  million years 
ago, we were able to conclude that 
between 30 and 50 million years ago 
the ancestors of the modern ursids 
and procyonids split into two sepa
rate lineages. 

W ithin 10 million years of that 
event the procyonid group di

verged into Old World procyonids 
(those that inhabit Europe, Africa and 
Asia), represented today by the red 
panda, and New World procyonids 
(those that inhabit North and South 
America), represented today by the 
raccoon, the coati, the olingo and the 
kinkajou. At about the same time that 
the gibbons split from the great apes 
(from 18 to 25 million years ago), 
the ancestors of the giant panda di
verged from the main ursid line. This 
event came nearly 20 million years 
after the initial divergence of the ur
sid and procyonid lines. The brown, 
black, sloth and sun bears diverged 
from one another approximately six 
to 10 million years ago. 

Although our molecular data ap
peared finally to settle the question 
of the panda's ancestry, they failed to 
address one last piece of the puzzle: 
the bizarre chromosomes seen in the 
giant panda. Bears in the genus Ursus 
have 74 single-armed chromosomes 
with the centromere at one end. The 
giant panda, on the other hand, has 
only 42 chromosomes and most of 
them have two arms. To some biolo
gists these differences were proof 
alone that the bear and the panda 
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could not possibly belong to the 
same family. 

By now we were suspicious of this 
conclusion, and so I asked my col
league William G. Nash of the Na
tional Cancer Institute to reexamine 
the chromosomes of the giant panda. 
Nash had recently developed special 
techniques for examining the distinc
tive light-and-dark banding patterns 
on chromosomes by culturing the 
cells in the presence of a type of ret
rovirus that transforms normal, slow
ly dividing cells into rapidly dividing 
cells. He examined the chromosomes 
just prior to the metaphase stage of 
cell division, when they can be 
stained to display exquisitely de
tailed banding patterns. 

On comparing chromosomes from 
the giant panda with chromosomes 
from the six Ursusbears, Nash made a 
startling discovery: the banding pat
terns of the six bear species were vir
tually identical with those observed 
on just the arms of the giant panda's 
chromosomes. We concluded that gi
ant panda chromosomes were noth
ing more than pairs of bear chromo
somes attached head to head with 

common centromeres. What looked 
like a major reorganization of chro
mosomes was in fact a simple fusion 
of chromosomes in the line leading 
to the giant panda. 

On the basis of our results we were 
able to make a final taxonomic 

recommendation, namely that the gi
ant panda belongs with the bears in 
the family Ursidae and the red panda 
belongs with the raccoon in the Pro
cyonidae. Since both the giant panda 
and the red panda diverged from an
cestors early in their respective fam
ily's history, we believe separate 
subfamily status is justified for both. 

In addition we believe our data cast 
new light on rates of evolution. The 
giant panda has been cited as a strik
ing example of rapid (or "punctu
ated") evolution because its diver
gence from bears was thought to 
have been a relatively recent event, 
one that took place less than two mil
lion years ago. Our results, howev
er, suggest that the panda actually 
diverged from its bear ancestors as 
long as 15 to 25 million years ago. If 
these older dates are correct, they 

are more consistent with gradualism: 
evolution that takes place as the re
sult of small, gradual changes. 

While carrying out this study, I be
came impressed by the power of mo-. 
lecular data to resolve evolutionary 
relationships. Nevertheless, it is im
portant to mention that such data are 
limited in at least two ways. First, 
they cannot gauge elapsed time in 
the strict sense and therefore must be 
calibrated by the fossil record. Sec
ond, because most mutations are ran
dom, they say little about the forces 
of natural selection responsible for 
morphological change. 

We nonetheless believe molecular 
analysis offers an objective approach 
to taxonomic problems and provides 
additional evidence that can be com
bined with traditional anatomical or 
behavioral data to achieve more ac
curate understanding of relation
ships between species. In the case of 
the giant panda, the molecular clock 
enabled us to finally settle the ques
tion of this animal's true ancestry 
and thus resolve a problem that had 
perplexed taxonomists for more than 
a century. 
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red panda is retained in the Procyonidae, or raccoon family, 

where it too is granted separate subfamily status. The molecular 

clock suggests that the raccoon and bear families diverged from 

a common carnivorous ancestor some 35 to 40 million years ago. 
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Demons, Engines 
and the Second Law 

Since 1871 physicists have been trying to resolve the conundrum 
of Maxwell's demon: a creature that seems to violate the second law 
of thermodynamics. An answer comes from the theory of computing 

O ne manifestation of the sec
ond law of thermodynamics is 
that such devices as refrigera

tors, which create inequalities of tem
perature, require energy in order to 
operate. Conversely, an existing in
equality of temperature can be ex
ploited to do useful work-for exam
ple by a steam engine, which exploits 
the temperature difference between 
its hot boiler and its cold condenser. 
Yet in 1871 the Scottish physicist 
James Clerk Maxwell suggested, in 
his Theory of Heat, that a creature 
small enough to see and handle indi
vidual molecules might be exempt 
from this law. It might be able to cre
ate and sustain differences in temper
ature without doing any work: 

" . .  .if we conceive a being whose 
faculties are so sharpened that he 
can follow every molecule in its 
course, such a being, whose attri
butes are still as essentially finite as 
our own, would be able to do what is 
at present impossible to us. For we 
have seen that the molecules in a 
vessel full of air at uniform tempera
ture are moving with velocities by no 
means uniform . . . .  Now let us sup
pose that such a vessel is divided 
into two portions, A and B, by a divi
sion in which there is a small hole, 
and that a being, who can see the in
dividual molecules, opens and closes 
this hole, so as to allow only the 
swifter molecules to pass from A to B, 
and only the slower ones to pass 
from B to A. He will thus, without 
expenditure of work, raise the tem
perature of B and lower that of A, in 
contradiction to the second law of 
thermodynamics." 

The "being" soon came to be called 
Maxwell's demon, because of its far
reaching subversive effects on the 
natural order of things. Chief among 
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these effects would be to abolish the 
need for energy sources such as oil, 
uranium and sunlight. Machines of 
all kinds could be operated without 
batteries, fuel tanks or power cords. 
For example, the demon would en
able one to run a steam engine con
tinuously without fuel, by keeping 
the engine's boiler perpetually hot 
and its condenser perpetually cold. 

To protect the second law, physi
cists have proposed various reasons 
the demon cannot function as Max
well described. Surprisingly, nearly 
all these proposals have been flawed. 
Often flaws arose because workers 
had been misled by advances in oth
er fields of physics; many of them 
thought (incorrectly, as it turns out) 
that various limitations imposed by 
quantum theory invalidated Max
well's demon. 

The correct answer-the real rea
son Maxwell's demon cannot violate 
the second law-has been uncovered 
only recently. It is the unexpected 
result of a very different line of 
research: research on the energy re
quirements of computers. 

S ince Maxwell's day numerous ver
sions of the demon have been pro

posed. One of the simplest creates 
a pressure difference (rather than a 
temperature difference) by allowing 
all molecules, fast or slow, to pass 
from B to A but preventing them from 
passing from A to B. Eventually most 
of the molecules will be concentrated 
in A and a partial vacuum will be cre
ated in B. This demon is if anything 
more plausible than Maxwell's origi
nal demon, since it would not need 
to be able to see or think. It is not im
mediately evident why such a de
mon-a one-way valve for mole
cules-could not be realized as some 

simple inanimate device, for instance 
a miniature spring-loaded trapdoor. 

Like Maxwell's original demon, the 
"pressure demon" could be a source 
of limitless power for machines. For 
example, pneumatic drills of the kind 
used to cut holes in streets generally 
run on compressed air from a tank 
kept full by a gasoline-powered com
pressor. A one-way valve for air mol
ecules could substitute for the com
pressor, effortlessly collecting air 
from the surroundings into the high
pressure tank. 

One might think such an arrange
ment would violate the law of conser
vation of energy (otherwise known 
as the first law of thermodynamics), 
but it would not. The energy for cut
ting concrete could be taken from 
heat in the air collected by the one
way valve; the air's temperature 
would drop as it passed through the 
machinery. There is nothing in the 
first law to prevent an engine from 
supplying all its energy needs from 
the ambient heat of its environment, 
or even from the waste heat of its 
own friction and exhaust. It is the sec
ond law that prohibits such engines. 

To analyze the demon's actions 
closely, then, one must understand 
some of the subtleties of the second 
law. The second law was original
ly expressed as a restriction on the 
possible transformations of heat and 
work, but it is now seen as being fun
damentally a statement about the in
crease of disorder in the universe. 
According to the second law, the en
tropy, or disorder, of the universe as 
a whole cannot be made to decrease. 
This means that only two kinds of 
events are possible: events during 
which the entropy of the universe 
increases and events during which 
it remains constant. The former are 
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UNIFORM GLOW in a hot furnace (top) demonstrates one conse

quence of the second law of thermodynamics: it is impossible to 

distinguish objects in a vessel at uniform temperature without 

an external light source hotter than the vessel's ambient temper

ature. In a vessel at uniform temperature objects glow in such a 

way that exactly the same intensity and color of light come from 

the surface of every object (even objects that have different re

fiectances and colors). The reason is that if any object appeared 

darker than its surroundings, it would absorb energy at the ex

pense of its neighbors. As a result it would become hotter and its 

neighbors would become cooler. According to the second law, 

however, objects that are initially at the same temperature can

not spontaneously come to have different temperatures. (In this 

photograph some contrast is visible because the temperature in

side the furnace is not exactly uniform.) By an external light 

source, intrinsic differences in reflectance are visible (bottom). 
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MAXWELL'S DEMON, described in 1871 by James Clerk Maxwell, seems able to violate 

the second law of thermodynamics. The demon controls 'a sliding door that blocks a 

hole in a wall between rooms containing gas at equal temperatures and pressures. It ob· 

serves molecules approaching the hole and opens and closes the door to allow fast

moving molecules to pass from room A to room B but not vice versa. Slow-moving mole

cules, conversely, are allowed to pass only from B to A. As the demon sorts, B heats up 

and A cools. According to the second law, a certain amount of work is required to create 

a temperature difference, but the work of sliding a door can be made negligibly small. 

known as irreversible processes be
cause to undo them would violate the 
second law; the latter are called re
versible processes. One can decrease 
the entropy of a given system by do
ing work on it, but in doing the work 
one would increase the entropy of 
another system (or that of the first 
system's environment) by an equal 
or greater amount. 

A classic irreversible process, and 
one that helps in defining the con
cept of entropy a little more precise
ly, is called free expansion. Suppose 
a chamber filled with gas is separated 
by a partition from a vacuum cham
ber of the same size. If a small hole is 
made in the partition, gas will escape 
(that is, it will expand freely) into the 
formerly empty chamber until both 
chambers are filled equally. 

The reason the molecules spread 
out to fill both chambers is mathe
matical rather than physical, if such a 
distinction can be made. The num
bers of molecules on the two sides of 
the partition tend to equalize not be
cause the molecules repel one anoth
er and move as far apart as possible, 
but rather because their many colli
sions with the walls of the container 
and with one another tend to distrib
ute them randomly throughout the 
available space, until about half of 
them are on one side of the partition 
and about half are on the other side. 

Since the spreading of the mole-
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cules is due to chance rather than 
to repulsion, there is a chance that 
all the molecules might return si
multaneously to the chamber from 
which they came. If there are n mol
ecules, however, the probability of 
all of them returning to their original 
chamber is the same as the probabili
ty of tossing n coins and having them 
all come up "heads": 1/2". Thus for 
any sizable number of molecules 
(and there are about 300,000,000,-
000,000,000,000,000 molecules in a 
gram of hydrogen) the free expan
sion is an effectively irreversible 
process: a process whose spontane
ous undoing, although possible, is so 
unlikely that one can say with confi
dence it will never be observed. 

The disordered state-the state in 
which the gas has spread into 

both chambers rather than resid
ing compactly in a single chamber
is more probable than the ordered 
state. That is, there are more config
urations of molecules in which the 
molecules occupy both chambers, 
just as, when 100 coins are tossed, 
there are more ways to achieve a to
tal of 50 heads and 50 tails than there 
are to achieve 100 heads and no tails. 
In saying that the entropy of the uni
verse tends to increase, the second 
law is simply noting that the uni
verse tends to fall into more probable 
states as time passes. 

Can this concept be quantified? In 
other words, can one say hciw much 
the disorder of the gas has increased 
after it has spread out to fill both 
chambers? Consider a single mole
cule in the gas. A molecule that can 
roam throughout both chambers has 
twice as many possible positions as a 
molecule confined to a single cham
ber: there are twice as many ways for 
a molecule to occupy the two-cham
ber apparatus. If there are two mole
cules in the two-chamber apparatus, 
each molecule has twice as many 
possible positions as it would have in 
a single chamber, and so the system 
as a whole has 2 X 2, or four, times 
as many possible configurations. If 
there are three molecules, the sys
tem has 2 X 2 X 2, or eight, times as 
many possible configurations. 

In general, if there are n molecules 
in the gas, the gas can fill two cham
bers in 2" times more ways than it 
can fill a single chamber. The gas in 
the two-chamber apparatus is said to 
have 2" times as many "accessible 
states" as the gas in a single cham
ber. In the same way, the number of 
accessible states in most systems de
pends exponentially on the number 
of molecules. 

The entropy of a system is there
fore defined as the logarithm of the 
number of accessible states. In the 
example of the two-chamber gas ap
paratus, a 2"-fold increase in the num
ber of accessible states is an increase 
in entropy of n bits, or binary units. 
(The base of the logarithm-and 
hence the size of a unit of entropy-is 
arbitrary; it is conventional to choose 
base 2 and binary units.) The loga
rithmic scale has the advantage of 
making the entropy of a sample 
of matter, like its energy or mass, 
roughly proportional to the number 
of molecules in the sample. One can 
draw an analogy to a computer mem
ory: an n-bit memory, other things 
being equal, has size, weight and cost 
that are roughly proportional to n, al
though the number of distinct states 
possible in the memory is 2". 

The earliest statements of the sec
ond law did not mention random

ness or disorder; they concerned 
heat, work and temperature. How 
can these concepts be related to our 
quantitative definition of entropy? 

The molecules in any sample of 
matter are always in motio)1. The 
speed and direction of each molecule 
are random, but the average speed of 
the molecules is proportional to the 
square root of the sample's temper
ature (as measured from absolute 
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zero). As the temperature of a sample 
is raised (and the average speed in
creases) the velocities of individual 
molecules come to be distributed 
over a greater range than they are 
when the average speed is low. 

When the average speed is high, 
then, every molecule in the sam
ple has a greater range of velocities 
available to it, just as a molecule in 
a two-chamber gas apparatus has a 
greater range of positions available 
to it than a molecule in a single-cham
ber apparatus has. There are thus 
more accessible states at high tem
peratures than there are at low tem
peratures. The motion is more disor
dered at high temperatures, because 
it is harder to predict what the veloci
ty of any molecule will be. 

Disorder of molecular motion and 
disorder of molecular positions must 
both be counted in determining the 
entropy of a system. The entropy of a 
gas can be increased either by allow
ing the gas to occupy a greater vol
ume or by increasing its temperature 
so that its molecular motion becomes 
more disorderly. 

Any flow of heat therefore carries 
entropy with it. To be precise, it turns 
out that a heat flow carries an 
amount of entropy proportional to 
the quantity of heat flowing divided 
by the temperature at which the flow 
takes place. Hence a flow from a hot 
body to a cold body raises the entro
py of the cold body more than it low
ers the entropy of the hot one: the 
same amount of heat leaves the hot 
body as enters the cold body, but in 
figuring the entropy decrease of the 
hot body one divides by a high tem
perature, whereas in figuring the en
tropy increase of the cold body one 
divides by a low temperature. A heat 
flow from a hot to a cold body thus 
raises the entropy of the universe. 

Our more precise definition of en
tropy gives us a better under

standing of why Maxwell's demon 
seems to violate the second law. By 
its sorting action the demon is caus
ing heat to flow from room A to room 
B, even after room B has become 
warmer than room A. The demon is 
therefore lowering the entropy of 
room A by a greater amount than it is 
raising the entropy of room B. The de
mon therefore decreases the entropy 
of the universe as a whole-a thermo
dynamic impossibility. 

In his description of the demon 
Maxwell made it clear he believed in 
the validity of the second law. He 
suggested that perhaps human be
ings are unable to violate the second 

law (by doing what the demon can 
do) simply because they lack the de
mon's ability to see and handle indi
vidual molecules. This is not a com
pletely satisfying exorcism of the 
demon, because it leaves open the 
question of whether a being able to 
see and handle individual molecules, 
if such a being did exist, could violate 
the second law. 

One way to uncover the reasons 
Maxwell's demon cannot work is to 
analyze and refute various simple, 
inanimate devices that might func
tion as demons, such as the mini
ature spring-loaded trapdoor men
tioned above, which acts as a one
way valve for molecules. 

Imagine that the door opens to the 
left. If the demon works as it is sup
posed to, then every time a molecule 
from the room on the right strikes the 
door, the door swings open and the 
molecule passes into the room on 
the left. When a molecule from the 
left strikes the door, however, the 
door slams shut, trapping the mole
cule. Eventually all the molecules are 
trapped on the left, and the demon 
has compressed the gas (reducing its 
entropy) without doing any work. 

How is the trapdoor demon flawed? 
First of all, the spring holding the 
door shut must be rather weak. The 
work of opening the door against the 
spring's force must be comparable ROOM A 

•• 

• 

to the average kinetic energy of the 
gas molecules. In 1912 Marian Smolu
chowski pointed out that because the 
door is repeatedly being struck by 
molecules, it will eve.ntually acquire 
its own kinetic energy of random mo
tion (that is, heat energy). The door's 
energy of random motion will be 
about the same as that of the mole
cules striking it, and so the door will 
jiggle on its hinges and swing open 
and shut (remember that the door 
is very small), alternately bouncing 
against its jamb and swinging open 
against the force of the spring. 

When the door is open, it obviously 
cannot function as a one-way valve, 
since molecules can pass freely in 
both directions. One might still hope 
that the door would act as an ineffi
cient demon, trapping at least a small 
excess of gas on the left, but it cannot 
do even that. Any tendency the door 
has to act as a one-way valve, open
ing to let a molecule go from the right 
to the left, is exactly counteracted 
by its tendency to do the reverse: to 
slam shut against a molecule that has 
wandered in front of it, actively push
ing the molecule from the room on 
the left to the one on the right (aided 
by the force of the spring). 

The two processes-a molecule 
pushing its way past the door from 
right to left, and the door pushing a 
molecule from left to right-are me-

TRAPDOOR "DEMON" is a form of Maxwell's demon designed to operate automatical

ly and to create an inequality of pressure, not of temperature. A spring-loaded trapdoor 

blocks a hole between two rooms initially containing gas at equal temperatures and 

pressures. The door swings open in only one direction in order to admit molecules 

from room B into room A but not vice versa. Eventually, one might think, molecules will 

accumulate in A at the expense of B, creating an inequality of pressure. Actually the in

equality does not build up. The trapdoor, heated by collisions with molecules, jiggles 

open and closed randomly because of thermal energy. When it is open, it is not a one

way valve, and as it closes it may push a molecule from A into B. The latter process takes 
place as often as its inverse, in which a molecule from B pushes past the door into A. 

111 © 1987 SCIENTIFIC AMERICAN, INC© 1987 SCIENTIFIC AMERICAN, INC



a 

.... 

•• 

•• . . . . . . ... . 

• 

• 
•• 

•.......... 
� .,. 

. .  ' 

•• 
• 

• 

'. 

.' 

.. 
. " 

b 

• 

• 

'. 
• • 

' . 
• 

• • 

•• 

0 ° . 

•...... 

• 
• 

•....... 
' . 

. " • 

FREE EXPANSION of a gas is a thermodynamically irreversible 

process: one in which the entropy, or disorder, of the universe 

increases. A gas is initially confined in one chamber of a two-

chamber apparatus (a). The barrier between the chambers is 

pierced, and molecules leak from one chamber into the other un

til approximately the same number of molecules are in both (b)_ 

chanical reverses of each other: a 
motion picture of one, shown back
ward, would look like the other. In an 
environment at a constant temper
ature and pressure both processes 
would take place equally often, and 
the ability of the trapdoor to act as 
a one-way valve would be exactly 
zero. It cannot work as a demon. 

In environments where the pres
sure is not equal on both sides of 
the door, of course, such devices do 
function. Large-scale versions, built 
with macroscopic doors and springs, 
can be seen on ventilator fans de
signed to blow stale air out of restau
rants without admitting gusts of out
side air when the fan is off. Micro
scopic versions would function in 
much the same way, allowing mole
cules to pass if there were excess 
pressure on one side but shutting off 
the flow if there were excess pres
sure on the other. The devices would 
not violate the second law, because 
they could only allow pressures to 
equalize; they could never form re
gions of excess pressure. 

Even though a simple mechanical 
demon cannot work, perhaps an 

intelligent one can. Indeed, some 
time after Maxwell had described the 
demon, many investigators came to 
believe intelligence was the critical 
property that enabled the demon to 
operate. For example, in a 1914 paper 
Smoluchowski wrote: "As far as we 
know today, there is no automatic 
permanently effective perpetual-mo
tion machine, in spite of the molecu
lar fluctuations, but such a device 
might, perhaps, function regularly if 
it were appropriately operated by in
telligent beings." 

The physicist Leo Szilard attempt
ed a quantitative analysis of this 
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question in a paper published in 
1929, "On the Decrease of Entropy in 
a Thermodynamic System by the In
tervention of Intelligent Beings." Al
though the title seems to imply an in
telligent demon could violate the sec
ond law, the body of the article is 
devoted to refuting this notion and to 
arguing that no being, intelligent or 
not, can do so. Szilard thought the ob
servation, or measurement, the de
mon must make (for example, to see 
which side a molecule is coming 
from) cannot be done without also 
doing enough work to cause an in
crease in entropy sufficient to pre
vent a violation of the second law. 

Szilard considered a demon that 
differed in several ways from Max
well's; his demon has since come 
to be called Szilard's engine. (The 
engine I shall describe here differs 
slightly from Szilard's original one.) 
The engine's main component is a 
cylinder in which there is a single 
molecule in random thermal motion. 
Each end of the cylinder is blocked 
by a piston, and a thin, movable par
tition can be inserted in the middle of 
the cylinder to trap the molecule in 
one half of the cylinder or the other 
[see illustration on opposite page]. The 
engine is also equipped with devices 
for finding which half of the appara
tus the molecule is in and a memory 
for recording that information. 

The engine's cycle consists of six 
steps. In the first step the partition is 
inserted, trapping the molecule on 
one side or the other. Szilard argued 
that the work necessary to insert the 
partition can in principle be made 
negligibly small. 

In the next step the engine deter
mines which half of the apparatus the 
molecule has been trapped in. The 
engine's memory device has three 

possible states: a blank state to signi
fy that no measurement has been 
made, an L to signify that the mole
cule has been observed in the left 
half of the apparatus, and an R to sig
nify that the molecule has been ob
served in the right half. When the 
measurement is made, the memory 
switches from the blank state to one 
of the other two. 

The third step, which might be 
called a compression stroke, de
pends on the knowledge gained dur
ing the preceding step. The piston on 
the side that does not contain the 
molecl,lle is pushed in until it touches 
the partition. Unlike the compression 
stroke of an internal-combustion en
gine, this compression stroke re
quires no work, because the piston 
is "compressing" empty space; the 
molecule, which is trapped on the 
other side of the partition, cannot re
sist the piston's movement. 

Then, in the fourth step, the parti
tion is removed, allowing the mole
cule to collide with the piston that 
has just been advanced. The mole
cule's collisions exert a pressure on 
the face of the piston. 

In the fifth step, which might be 
called the power stroke, the pressure 
of the molecule drives the piston 
backward to its original position, do
ing work on it. The energy the mole
cule gives to the piston is replaced by 
heat conducted through the cylinder 
walls from the environment, and so 
the molecule continues moving at 
the same average speed. The effect of 
the power stroke is therefore to con
vert heat from the surroundings into 
mechanical work done on the piston. 

In the sixth step the engine erases 
its memory, returning it to the blank 
state. The engine now has exactly 
the same configuration it had at the 
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beginning of the cycle, and the cycle 
can be repeated. 

Overall, the six steps appear to 
have converted heat from the 

surroundings into work while return
ing the gas and the engine to the 
same state they were in at the start. If 
no other change has occurred during 
the cycle of operation, the entropy of 
the universe as a whole has been 
lowered. In principle the cycle can be 
repeated as often as the experiment
er wants, leading to an arbitrarily 
large violation of the second law. 

Szilard's way out of this predica
ment was to postulate that the act 
of measurement, in which the mole
cule's position is determined, brings 
about an increase in entropy suffi
cient to compensate for the decrease 
in entropy brought about during the 
power stroke. Szilard was somewhat 
vague about the nature and location 
of the increase in entropy, but in the 
years after he published his paper a 
number of physicists, notably Leon 
Brillouin (the author, in 19 56, of the 
widely read book Science and Infor
mation Theory) and Denis Gabor (best 
known as the inventor of hologra
phy), tried to substantiate the postu
lated irreversibility of measurement. 
In particular they tried to determine 
what the cost should be, in terms of 
energy and entropy, of observing a 
molecule by aiming light at it and ob
serving the reflections. 

In their work, Brillouin and Gabor 
drew on a theory that had been de
veloped since Maxwell's time: the 
quantum theory of radiation. Accord
ing to the classical wave theory of 
light (to which Maxwell made funda
mental contributions), the energy of 
a light ray can be made arbitrarily 
small. According to the quantum the
ory, however, light consists of ener
gy packets called photons. The ener
gy of a photon depends on its wave
length, or color, and it is impossible 
to detect less than one photon of 
light. Brillouin argued that for a mole-

cule to be observed it must scatter at 
least one photon of a probe beam, 
and that when the photon's energy is 
dissipated into heat, the dissipation 
must produce an entropy increase at 
least as great as the entropy decrease 
Szilard's engine could achieve as the 
result of information gained about 
the scattering molecule. 

Why not simply use a probe beam 
of photons that have very low 

energies? The scheme will not work, 
because of another, more complicat
ed, consequence of the quantum the
ory. According to the quantum the
ory of radiation, any vessel whose 
walls and interior are all at a single 
constant temperature becomes filled 
with a "gas" of photons: a bath of ra
diation. The wavelengths of the pho
tons depend on the temperature of 
the vessel. Such a photon gas consti
tutes the uniform red or orange glow 
inside a hot furnace. (At room tem
perature the photons are mostly in 
the infrared part of the spectrum and 
are therefore invisible.) 

The photon gas might seem at first 
to be a handy source of light by 
which the demon could observe gas 
molecules (thereby saving itself the 
entropy cost of a flashlight). One of 
the surprising consequences of the 
second law, however (a consequence 
discovered by Gustav Robert Kirch
hoff in 1859), is that it is impossible to 
see anything in a vessel at ufliform 
temperature by the light of the ves
sel's own glow. If one looks into a 
kiln in which pots are being fired, for 
example, one will see a uniform or
ange glow almost devoid of contrast, 
even though the pots in the kiln may 
have very different colors, bright
nesses and surface textures. 

The objects in the hot kiln look as 
if they are all the same color and 
brightness, but they are not, as one 
can verify by shining a bright light 
on them from outside the kiln. The 
reason the objects nearly disappear 
by the light of the kiln must therefore 

SZILARD ENGINE, modeled after a machine described in 1929 by Leo Szilard, seems to 

convert heat from its surroundings into work, contrary to the second law. The engine 

(1) is a cylinder that is blocked off at both ends by pistons; it is equipped with a movable 

partition and devices for observing the cylinder's contents and recording the results of 

observations. The cylinder contains a single molecule. At the start of the engine's cycle 

(2) the partition is lowered, trapping the molecule in one half of the cylinder. The obser

vational devices determine and record which half contains the molecule (3), and the 

piston from the other half is pushed in until it touches the partition (4). Moving the pis

ton requires no work, since it compresses empty space. Then the partition is with

drawn (5) and the molecule strikes the piston, pushing it backward (6). (The one-mole

cule gas "expands" against the piston.) Energy lost by the molecule as it works against 

the piston is replaced by heat from the environment. When the piston has returned 

to its original position (7), the memory is erased (8) and the cycle can begin again. 
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MEASUREMENT APPARATUS, designed by the author to fit the 

Szilard engine, determines which half of the cylinder the mole

cule is trapped in without doing appreciable work. A slightly 

modified Szilard engine sits near the top of the apparatus (1) 
within a boat-shaped frame; a second pair of pistons has re

placed part of the cylinder walL Below the frame is a key, whose 

position on a locking pin indicates the state of the machine's 

memory_ At the start of the measurement the memory is in a 

neutral state, and the partition has been lowered so that the mol

ecule is trapped in one side of the apparatus_ To begin the meas

urement (2) the key is moved up so that it disengages from the 

locking pin and engages a "keel" at the bottom of the frame_ 

Then the frame is pressed down (3)_ The piston in the half of the 

cylinder containing no molecule is able to descend completely, 

but the piston in the other half cannot, because of the pressure 

of the molecule_ As a result the frame tilts and the keel pushes 

the key to one side_ The key, in its new position, is moved down 

to engage the locking pin (4), and the frame is allowed to move 

back up (5), undoing any work that was done in compressing the 

molecule when the frame was pressed down_ The key's position 

indicates which half of the cylinder the molecule is in, but the 

work required for the operation can be made negligible_ To re

verse the operation one would do the steps in reverse order_ 
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be that dark (that is, nonreflective) 
objects glow proportionately more 
brightly than light (reflective) ob· 
jects, so that the total light intensi· 
ty leaving any object (reflected and 
emitted light combined) is the same. 

To see why this strange leveling of 
intensity must take place, suppose it 
did not occur and think about the 
consequences for the second law. 
Suppose two objects, say a vase and 
a pot, are placed close together in a 
kiln at uniform temperature. If the in· 
tensity of light leaving the vase to· 
ward the pot were greater than that 
leaving the pot toward the vase, en· 
ergy would flow from the vase to the 
pot. The pot would become warmer 
and the vase would become cooler. 

Thus, without the expenditure of 
work, two regions that were once at 
a uniform temperature would come 
to different temperatures, just as if 
a Maxwell's demon had been sitting 
between them, and the second law 
would be violated. Therefore if the 
second law is to be valid, objects in a 
vessel at uniform temperature can
not have different surface intensities. 

In order to see the objects in a fur· 
nace, then, one must shine light in 
from an external source, such as a 
flashlight that has a filament hotter 
than the furnace's temperature. In 
daily life such light sources-the sun, 
for example-make it possible for us 
to see objects in vessels that are uni
formly at room temperature. 

Brillouin, Gabor and others, armed 
with an understanding of the photon 
gas, argued that Maxwell's demon 
cannot observe the molecules it sorts 
without some kind of light source. 
Therefore, they said, the demon can· 
not violate the second law. Every 
time it observes a molecule the de· 
mon must dissipate the energy of at 
least one photon; the energy of that 
photon must be greater than a mini
mum energy determined by the tem
perature of the gas in which the de
mon sits. Such arguments, although 
they are not completely rigorous, 
seemed to substantiate Szilard's be· 
lief that acquiring a given amount of 
information entails producing a cor· 
responding amount of entropy. 

The next major progress toward 
banishing the demon was a side 

effect of research by Rolf Landauer of 
IBM on the thermodynamics of data 
processing. Certain data-processing 
operations, such as the copying of 
data from one device into another, 
are analogous to measurements, in 
that one device acquires information 
about the state of the other. Hence it 
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was generally believed in the 19 50's 
that data-processing operations were 
intrinsically irreversible (in the ther
modynamic sense of the word), just 
as Szilard had argued that measure
ment in general is irreversible. It was 
thought that any kind of data opera
tion required the generation and re
moval of at least one bit's worth of 
heat for every bit of data to be proc
essed. (This is an extremely small 
quantity of heat: roughly one ten-bil
lionth of the heat actually generated 
by existing electronic circuits.) 

In about 1960 Landauer analyzed 
the question more thoroughly. He 
found that some data operations 
are indeed thermodynamically cost
ly but. others, including, under cer
tain conditions, copying data from 
one device to another, are free of any 
fundamental thermodynamic limit 
[see "The Fundamental Physical lim
its of Computation," by Charles H. 
Bennett and Rolf Landauer; SCIENTIFIC 
AMERICAN,july, 1985]. 

Landauer's proof begins with the 
premise that distinct logical states of 
a computer must be represented by 
distinct physical states of the com
puter's hardware. For example, ev
ery possible state of the computer's 
memory must be represented by a 
distinct physical configuration (that 
is, a distinct set of currents, voltages, 
fields and so forth). 

Suppose a memory register of n 
bits is cleared; in other words, sup
pose the value in each location is set 
at zero, regardless of the previous 
value. Before the operation the regis
ter as a whole could have been in any 
of 2n states. After the operation the 
register can be in only one state. The 
operation has therefore compressed 
many logical states into one, much as 
a piston might compress a gas. 

By Landauer's premise, in order to 
compress a computer's logical state 
one must also compress its physical 
state: one must lower the entropy of 
its hardware. According to the sec
ond law, this decrease in the entropy 
of the computer's hardware cannot 
be accomplished without a compen
sating increase in the entropy of the 
computer's environment. Hence one 
cannot clear a memory register with
out generating heat and adding to the 
entropy of the environment. Clearing 
a memory is a thermodynamically ir
reversible operation. 

Landauer identified several other 
operations that are thermodynami
cally irreversible. What all these 
operations have in common is that 
they discard information about the 
computer's past state. In Landauer's 
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phrase, such operations are "logical
ly irreversible." 

The connection of these ideas to 
the problem of the measurement, im
plicit in Landauer's work and in the 
reversible models of computation de
veloped during the 1970's by Edward 
Fredkin of M.l.T., myself and oth
ers, became explicit in 1982, when I 
proposed that they provide the cor
rect explanation of Maxwell's demon. 
Consider the operating cycle of Szi
lard's engine. The last step, in which 
the engine's memory is reset to a 
blank state, is logically irreversible, 
because it compresses two states of 
the machine's memory ("The mole
cule is on the left" and "The molecule 
is on the right") into one ("The mol
ecule's position has not yet been 
measured"). Thus the engine cannot 
reset its memory without adding at 
least one bit of entropy to the envi
ronment. This converts all the work 
that had been gained in the power 
stroke back into heat. 

What about the measurement step? 
Is it thermodynamically costly as 
well? In that case the engine would 
add to the entropy of the universe 
twice: once in measuring the mole
cule's position and again in resetting 
its memory after the power stroke. 
Actually the measurement does not 
have to be thermodynamically cost
ly. There are ways to observe mole
cules other than by bouncing light 
off them. To prove this point I have 
designed a reversible measuring de
vice, which measures and records 
the position of the molecule without 
undergoing any thermodynamically 
irreversible steps. 

We have, then, found the reason 
the demon cannot violate the 

second law: in order to observe a 
molecule, it must first forget the re
sults of previous observations. For
getting results, or discarding infor
mation, is thermodynamically costly. 

If the demon had a very large mem
ory, of course, it could simply re
member the results of all its measure
ments. There would then be no logi
cally irreversible step and the engine 
would convert one bit's worth of heat 
into work in each cycle. The trouble 
is that the cycle would not then be a 
true cycle: every time around, the en
gine's memory, initially blank, would 
acquire another random bit. The cor
rect thermodynamic interpretation 
of this situation would be to say the 
engine increases the entropy of its 
memory in order to decrease the en
tropy of its environment. 

Attributing the gain in entropy to 

the resetting step rather than to the 
measurement step may seem to be a 
mere bookkeeping formality, since 
any complete cycle of Szilard's' en
gine must include both steps, but 
considerable confusion can be avoid
ed if one draws a clear distinction be
tween the acquisition of new infor
mation and the destruction of old 
information. The confusion may or 
may not have existed in Szilard's 
mind. In most of his paper he refers 
to measurement as the irreversible 
step, but at one point he makes an ac
counting of entropy changes during 
the cycle and finds, without explicit
ly commenting on it, that the in
crease in entropy takes place during 
the resetting of the memory. 

If subsequent workers had pur
sued this aspect of Szilard's paper, 
they would have come to our present 
understanding of Maxwell's demon. 
Their failure to do so is an irony in 
the history of science: the advance
ment of one branch of physics (the 
quantum theory of radiation) appar
ently delayed progress in another 
branch (thermodynamics). One as
pect of quantum mechanics that re
inforced the idea that a fundamental 
thermodynamic price must ,be paid 
for acquiring information is the un
certainty principle, which holds that 
certain sets of measurements cannot 
be carried out with more than a cer
tain degree of precision. Although 
the uncertainty principle sounds sim
ilar to Szilard's hypothesis that meas
urements have an irreducible entro
py cost, in fact it is fundamentally dif
ferent. Szilard's hypothesis concerns 
the thermodynamic cost of measure
ments, whereas the uncertainty prin
ciple concerns the possibility of their 
being made at all, whatever their 
thermodynamic cost. 

Another source of confusion is that 
we do not generally think of informa
tion as a liability. We pay to have 
newspapers delivered, not taken 
away. Intuitively, the demon's rec
ord of past actions seems to be a 
valuable (or at worst a useless) com
modity. But for the demon "yester
day's newspaper" (the result of a pre
vious measurement) takes up valu
able space, and the cost of clearing 
that space neutralizes the benefit the 
demon derived from the newspaper 
when it was fresh. Perhaps the in
creasing awareness of environmen
tal pollution and the information ex
plosion brought on by computers 
have made the idea that information 
can have a negative value seem more 
natura) now than it would have 
seemed earlier in this century. 
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Early Farming 
in Northwestern Europe 

Agriculture spread north and west from eastern Europe 8,000 years 
ago. Recent work based on distribution maps of Stone Age sites is 
showing how the uinvasion" took place and what happened afterward 

H oW did agriculture come to 
northern Europe? The gener
al outlines of that event have 

been known for some time. Not long 
after 6000 B.C. members of the Linear 
Pottery Culture began moving north 
and west from eastern Europe, bring
ing with them a way of life based on 
cultivation. Yet the detailed picture 
of this "invasion" has changed dra
matically in the last few years. As re
cently as the 1970's it was generally 
held that the Linear Pottery Culture 
spread in a more or less uniform pat
tern, diffusing up the major rivers 
in linear belts. Now, however, it is 
known that the pattern was neither 
linear nor uniform. On the contrary, 
the Linear Pottery sites were grouped 
in "settlement cells": dense clusters 
of villages that formed the basic units 
of settlem·ent. Some of the settlement 
cells lasted until not long before the 
time of Christ. 

One of the main tools in this reeval
uation has been the distribution map. 
Once perceived as little more than a 
means of locating sites, distribution 
maps have come to be seen as rich in 
potential. Such maps not only were 
instrumental in demonstrating the 
existence of settlement cells but also 
have been used to show striking 
changes later in the Neolithic (the pe
riod associated with the introduction 
of agriculture). In the early Neolith
ic-the Linear Pottery phase-sites 
tended to be found in the bottom 
of river valleys. Thereafter the sites 
moved up onto the edge of the pla
teau above the valley, then out on 
the plateau itself. These changes 
were accompanied by significant 
technical and social developments, 
which are coming into focus for the 
first time through use of the once 
humble distribution map. 

1 18 

by John M. Howell 

The Linear Pottery Culture takes 
its name from the incised and im
pressed decoration that appears on 
its ceramic artifacts. Although there 
is some regional variation in that pot
tery, the most striking feature of Lin
ear Pottery sites is their cultural uni
formity, a uniformity that applies 
both to the artifacts and to the sites 
themselves. Linear Pottery sites con
sist of hamlets or small villages, occa
sionally surrounded by a stockade. 
Each village is made up of wood
framed longhouses measuring, say, 
five meters wide and 30 meters long. 
Many had three subdivisions, which 
may have been for people, grain and 
livestock respectively. That the be
ginnings of social differentiation may 
have been present is indicated by the 
existence at some sites of one house 
that is even longer than the others 
(although built in the same style). 

T
he uniformity of the Linear Pot
tery villages is one sign that agri

culture was introduced into Europe 
by immigrants and not merely by the 
spread of new ideas. The uniform 
material culture associated with the 
villages includes an array of unso
phisticated flintwork, small axes and 
nonmonumental burials. The burials 
are rarely in cemeteries; often they 
are found in ditches flanking the 
longhouses from which clay for the 
walls was taken. The remains of ani
mals and plants indicate an agricul
tural way of life; sheep and cattle 
were the main domesticated animals. 
In areas where organic remains are 
well preserved, a mixture of cereals, 
vegetables and pulses (plants such as 
the lentil) is frequently found. 

From about 5500 B.C. the Linear 
Pottery groups had begun moving 
north and west from their origins in 

the Carpathian Mountains, and by 
4500 B.C. they had reached the Paris 
basin. The original, unrigorous ex
amination suggested that the sites 
were to be found in a linear arc 
around the Danube, and the name 
Danube Culture was initially given to 
them. It was observed that in choos
ing their sites the early farmers had 

LATE NEOLITHIC TOMB near Saumur in 

the Loire valley of France was a commu

nal burying place that may have held 200 

or more burials. The tomb is of the type 
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shown a preference for the light, gla
cial soils known as loess. Following 
early models of agricultural develop
ment, the villagers were thought to 
have practiced swiddening, a form of 
agriculture in which the fields are ex
ploited for a season or until they are 
exhausted or overgrown with weeds; 
then they are abandoned. (Swidden
ing is frequently carried out by slash
and-burn methods.) 

Recent work has shown that much 
of that picture is wrong. It began to be 
changed in the early 1970's, largely 
through the work of Janusz Kruk of 
the Institute of Sciences in Cracow, 
who studied early Neolithic settle
ment patterns near that city. Kruk's 
model was based on the integration 
of economic, social and ecological 
information with distribution maps, 
and it has become the cornerstone 
of subsequent interpretations. Much 
of the subsequent interpretation (in
cluding my own) stemmed from the 
University of Oxford and consisted of 
extending the geographic approach 
to poorly studied areas elsewhere 
in Europe. In my case the area of in
terest was in France, and I focused 

on the region drained by three ma
jor rivers: the Seine, the Oise and 
the Marne. 

It should not be thought that all the 
new work came from Oxford. Indeed, 
the central concept of the settlement 
cell was developed not by English in
vestigators but by German ones, in
cluding Bernhard Sielmann, then at 
the Frankfurt Museum. One reason 
the idea was formulated in Germany 
is that the settlements near the Rhine 
are densely clustered in the valley 
bottoms in a way that could give rise 
to the notion of a cell, or unit, rath
er than a linear pattern. Following 
Sielmann, archaeologists recognized 
similar clusters in the Dutch Limburg 
(along the Maas and its tributaries) 
and on the Aldenhoven plateau near 
Cologne. 

B
etween the Limburg and the Loire, 
where my work was done, the 

picture is not as clear. In that region 
the glacial loess favored by the Lin
ear Pottery farmers is not found in 
large expanses in the broad valley 
bottom. Instead the walls of deep val
leys drop steeply as much as 30 me-

ters from the promontories above. 
The valleys are too narrow for large 
clusters of villages, and so settlement 
cells are not immediately evident. 
Nevertheless, they are there. A care
ful examination I carried out on the 
basis of excavations, field surveys, 
museum collections and aerial pho
tographs revealed areas of dense set
tlement contrasting with the absence 
of sites in other areas. The small set
tlement cells may take up only one or· 
two segments of a narrow river val
ley, but they are analogues of the 
more obvious units found in Germa
ny and Holland. 

Whether the sites are clustered in 
tight settlement cells or are in the 
more apparently linear French ar
rangement, they are always found in 
the valley bottom. In the valley the 
river's meanders carve out "islands" 
of rich alluvial soil, and on such is
lands the farmers built their villages. 
The islands are above the level of 
regular flooding but are low enough 
so that they would have been been 
flooded periodically. These alluvial 
parcels range in area from 125 to 
more than 500 hectares (a hectare 

called alhie couverte (covered passage). The side walls stand 

about 1.5 meters high. The stones were probably originally cov

ered by a mound of earth. Work done by the author shows that 

in parts of France during the late Neolithic period communal 

tombs provided a geographic focus for scattered family houses. 

That finding is part of a recent reevaluation of spatial patterns in 

Neolithic culture based on distribution maps of Neolithic sites. 

The photograph was made by Ian Kinnes of the British Museum. 
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is about 2.5 acres), and their size 
suggests how many people they 
could have supported. Estimates of 
the amount of land required to feed 
each person by prehistoric wheat 
production vary from half a hectare 
to a hectare. Therefore the largest is
lands might have supported 500 vil
lagers, or perhaps even more. 

The ecology of the alluvial islands 
has been reconstructed by analyzing 
soil samples from pits and postholes 
of the Linear Pottery villages. Such 
work indicates that the valley bot
toms were covered with a rich, dark 
soil similar to the "black earth" of 

eastern Europe. At the time of occu
pation the soil supported abundant 
meadows. In those meadows the Lin
ear Pottery villagers did not practice 
swiddening, as had been envisioned 
in the earlier model. Rather, as work 
done in the mid- 1970's showed, they 
practiced a form of horticulture in 
which plots were cultivated for many 
years. The fixed-plot system gave 
rise to considerable stability: it has 
been shown that some villages were 
occupied for 500 years or more. 

The Pan-European culture based 
on this simple agricultural system 
lasted until about 4000 B.C. Soon after 

r----1500 B.C-----, 

CORDED WARE 
IN 

NETHERLANDS 
AND 

SWITZERLAND 

LATE NEOLITHIC 

SEINE-OISE-MARNE GROUP 4 

f----2700 B.C----1 

MIDDLE NEOLITHIC 

CHASSEY MICHELSBERG 

t-----3250 B.C ------I 

ROSSEN 

VILLENEUVE-
GROSSGARTACH BLiQUY 

GROUP 

EARLY NEOLITHIC 

LINEAR POTTERY CULTURE 
(BANDKERAMIK) 

1.-----4500 B.C---� 

NEOLITHIC PERIOD IN EUROPE spanned more than 3,000 years. The Neolithic is the 

period associated with the beginning of agriculture. The bearers of agriculture to 

northwestern Europe were members of the Linear Pottery culture. During early Neolith

ic times the Linear Pottery culture pervaded Europe. In the middle Neolithic, cultur

al uniformity gave way to regional styles such as Grossgartach, Chassey and Michels

berg. Flint arrowheads proliferated, partly because society had become more warlike. 
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that date ecological and social forces 
began to alter the cultural landscape 
dramatically. Part of the alteration 
was due to the fact that within the 
Linear Pottery area subregions had 
begun to develop distinctive cultural 
styles. For example, the form of pot
tery known as Limburg ware is found 
from the Dutch Limburg down to Pic
ardy in France across the lowland arc 
extending to the west of the Rhine. 
The entire lowland arc should proba
bly be considered a unit-settlement 
phenomenon, which endured long 
enough for a unique cultural style to 
develop. The same thing undoubt
edly happened elsewhere, and as 
the early Neolithic waned its cultural 
uniformity was replaced by a varie
ty of styles. 

By the beginning of the middle 
Neolithic in about 3500 B.C. even 
more profound developments were 
under way, as is shown by changes 
in the type, location and distribution 
of sites. Unlike Linear Pottery vil
lages, middle Neolithic sites can be 
found outside the ecological niche 
of the valley bottom. Along with the 
change in location came a sharp in
crease in the proportion of sites de
fended by ditches and heavy pali
sades built of tree trunks. Apparent
ly society had entered a phase of 
warfare. It had also become more 
dependent on cattle, which in the 
middle Neolithic account for more 
than 50 percent of animal remains, 
much more than in the earlier period. 

W
hat sense can one make out of 
these changes? First, it should 

be noted that some of their roots 
were already present in late Linear 
Pottery culture. Excavations at a site 
called Langweiler 3 on the Aldenho
ven plateau and at Menneville in the 
Aisne valley revealed massive, forti
fied enclosures surrounded by ditch
es. Resemblances in construction 
suggest that the two enclosures are 
contemporary, and ceramic artifacts 
found with them are of a late Linear 
Pottery style known as Grossgartach. 
Similar enclosures have been found 
in the valley of the Seine at Barbuise
Courtavent and in the valley of the 
Aisne at Berry-au-Bac. Most ditched 
enclosures, however, date from be
tween 3500 and 2700 B.C., in the mid
Neolithic. It would seem that forces 
present at the end of the early Neo
lithic were somehow accelerated, ul
timately giving rise to communities 
that look very different from the ear
lier ones. 

In trying to understand what those 
forces might have been, prehistori-
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ans of northwestern Europe were ini
·tially thrown back on the concept of 
cultural influences. The pottery as
sociated with the fortified middle 
Neolithic enclosures in France and 
Germany is generally of two types, 
which are known as Chassey and Mi
chelsberg. Chassey culture covered 
central and southern France and Mi
chelsberg covered central Germa
ny. Much effort has gone into under
standing the relations between them, 
based on the assumption that Chas
sey culture had affinities with the 
Mediterranean region and Michels
berg had affinities with central Eu
rope. Understanding the influences 
of one on the other, it was thought, 
might help to unravel the social de
velopments of the middle Neolithic. 

Yet such arguments were large
ly misplaced, in part because they 
lacked a firm geographic basis. In 
the mountainous terrain of Switzer
land analogous "central Europea

'
n" 

and "Mediterranean" groups occu-

pied different valleys. In the flat, 
open terrain of the Paris basin, how
ever, cultural boundaries were not 
as distinct. There was undoubtedly 
much contact between groups with 
slightly different cultures. Indeed, 
the interaction was so intense that 
the styles intermingled: north of the 
Loire the main difference between 
them is that so-called Chassey pot
tery is decorated, whereas Michels
berg is plain. In other words, north of 
the Loire the tradition is firmly cen
tral European but with a number of 
outside influences. 

Recently more fruitful work has 
concentrated on the aspects of social 
development that are common to 
both Chassey and Michelsberg tradi
tions. In that work heavy emphasis 
has been placed on examination of 
spatial patterns, in particular the ex
pansion out of the valley bottoms 
into new landscape zones. In the val
ley of the Somme it is clear that late 
Linear Pottery implements (for exam-

pie stone axes) begin to be found out
side the alluvial islands. A more de
tailed look at the valleys of the Aisne 
and the Oise shows the alluvial is
lands were by no means abandoned; 
enclosures are still found in the val
ley bottom. A new group of enclo
sures is found, however, in previous
ly unoccupied territory on the edge 
of the plateau, particularly on the 
points of readily defensible promon
tories. Most of these new sites over
look the sites of early Neolithic vil
lages on the valley floor. 

A long with changes in location 
J-\. went a shift in the distribution 
pattern. Early Neolithic sites seem 
to be dotted more or less randomly 
over the alluvial islands. Middle Neo
lithic sites, on the other hand, tend to 
be grouped within their larger clus
ters. The form of the grouping varies 
with the locale. In the valley of the 
Seine, for instance, enclosures often 
are paired on the cliffs, facing each 

LINEAR POTTERY SITES are grouped in "settlement cells," 

whose existence was first recognized in the 1970's. Linear Pot

tery groups moved north and west from eastern Europe along 

the main rivers. It was once thought the sites were randomly dis· 

tributed in river valleys. The picture changed with the advent of 

the concept of settlement cells. The cells, shown in red, are 

groups of linked sites that were settled at roughly the same time. 

On the Aldenhoven plateau near Cologne and the Dutch Limburg 

the cells are dense clusters. Along the Oise and the Aisne rivers 

in France the valleys are steeper, and the cells are more linear. 
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LINEAR POTTERY VILLAGE near the hamlet of Cuiry les Chaudardes in the Aisne val· 

ley was excavated beginning in the 1970's by workers from the University of Paris. The 

main structures of the village were longhouses. The longhouses had timber frames 

that were filled in with mud and roofed with reeds, grass or rushes. The presence of 

one house that is longer than the others (center) may indicate that the village had a 

chief. Among the houses were light fences made of saplings, probably for enclosing an· 

imals. The circular excavation may cover less than a fourth of the Linear Pottery village. 

other across the valley. Were they 
enemies? Allies? (Given the vagaries 
of the archaeological record, it is also 
possible that they were not precisely 
contemporary.) In the valley of the 
Aisne, Linear Pottery sites had been 
randomly distributed statistically on 
the lower terrace near the river. Mid
dle Neolithic sites there, however, 
are found in statistically nonrandom 
clusters; within clusters the sites are 
about two kilometers apart. 

ing. What does seem to be new is the 
greater reliance on cattle, which re
quire fairly large areas of grazing 
land. The search for grazing land 
may have been one of the factors mo
tivating the upward movement out of 
the valley bottom. 

In its turn the search for pasture
land may have given rise to a pio
neering spirit that led to long-dis
tance contact between groups. It is 
clear that the middle Neolithic was a 
time of increasing long-distance ex
change. In addition to the search for 
pasturage, the pioneering spirit may 
have been encouraged by a need for 

scarce resources, such as workable 
flint or speCific volcanic rocks for 
making axes. In Britain at this time 
such rocks were traded over dis
tances of 600 kilometers or more. 
The trading of flint and stone in 
France has not been as carefully ana
lyzed. Yet intensive flint mining did 
take place in the Oise, and it may 
have provided the basis for long-dis
tance exchanges. The Oise is an area 
where fortified mid-Neolithic enclo
sures are densely concentrated, and 
those enclosures may have had a 
key role in redistributing raw materi
als and prestige objects (such as par
ticularly highly decorated pottery) 
through trade . 

C
an a model be formulated to ac
<;ount for some of the striking 

changes seen in the middle Neolith
ic? Yes. The underlying stimulus for 
change may have been an interac
tion of climatic decline and natural
resource pressure. By the end of the 
early Neolithic much of the best al
luvial soil had been claimed by lin
ear Pottery immigrants. In effect the 
frontier had been closed, and expan
sion no longer provided an easy out
let for population pressure. At the 
same time the technology needed for 
exploiting virgin land on the plateau 
(such as the heavy plow) was lack
ing. In such a situation deterioration 
of the climate might well have led 
to warfare. Hostilities would have re
sulted in the centralization of sites in 
defensible positions and in the con
struction of fortifications. 

Various pieces of evidence suggest 
that this model captures at least 
some of the truth. The evidence for a 
more warlike society comes not only 
from the massive fortifications but 
also from the diversity of arrowhead 
types that proliferated in the middle 
Neolithic. Indeed at some sites, such 
as Crickley Hill in the English Cots
wolds, arrowheads found in the rub
ble of a burned palisade offer unmis
takable proof of hostilities. 

Of crucial significance for such a 
model, of course, is the evidence for 
a deteriorating climate. Some data do 
suggest that in the mid-Neolithic the 
climate became colder and wetter, 

Although some economic changes 
did accompany the spatial shifts, the 
overall basis of the economy did not 
change. The new sites on the edge of 
the plateau above the river are po
sitioned to take advantage of the 
source of the many small streams 
that begin at the spring line. Such 
a pattern shows that mid-Neolithic 
communities, like their early Neo
lithic forebears, lacked heavy plows 
(they probably had light ones) along 
with irrigation and were dependent 
on high groundwater for their farm-

SPATIAL DISTRIBUTION OF SITES changed sharply during the Stone Age. In the early 

Neolithic (top), Linear Pottery villages were on rich "islands" of alluvial soil carved by 

river meanders. By the mid-Neolithic (middle) some sites had moved up to promonto

ries above the valley; many sites were heavily fortified. In the late Neolithic (bottom) 
sites became less centralized and moved far back on the plateau between rivers. Differ

ent landscape zones were exploited for specialized activities, as is indicated by the dis· 

tribution of artifacts such as axes (for clearing forests) and arrowheads (for hunting). 
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which would quite likely have re
duced agricultural yields. Pollen dia
grams (counts of pollen grains from 
contemporary soil samples that yield 
a distribution of plant species) from 
the Aisne region suggest that begin
ning in late Linear Pottery times the 
proportion of water plants increased. 
By the late Neolithic much of the al
luvial zone in the Aisne appears to 
have been transformed into a marsh. 
Work on oxygen-isotope ratios in ma
rine fossils from the south of France 
(ratios sensitive to temperature) con
firms a cold spell beginning in about 
3500 B.C. In the mountainous zones 
of Europe the tree line descended at 
about the same time, indicating a 
colder climate. 

Social pressure resulting from a 
scarcity of arable land is more diffi
cult to document than changes in cli
mate, because it leaves few physical 
traces. Nevertheless, it seems proba
ble that in the context of a worsening 
climate middle Neolithic communi
ties might have experienced land 
pressure. After all, by the beginning 
of the middle Neolithic many alluvial 
islands had been occupied for from 
500 to 1,000 years. After a millenni
um of farming, the available land 
might have been exhausted, leading 
to sharp competition for fertile fields. 

Additional evidence will no doubt 
be required before the model pro
posed above can be rigorously con
firmed or rejected. Whatever the out
come of that process, it is clear that 
by the end of the middle Neolithic in 
about 2700 B.C. further changes had 
begun. In France the beginning of the 

CLIMATIC 
DETERIORATION 

� 

late Neolithic is marked by the emer
gence of a new cultural grouping that 
takes its name from the Seine, Oise 
and Marne. Typical sites of the Seine
Oise-Marne culture are strikingly dif
ferent from those of mid-Neolithic 
communities. Huge, fortified enclo
sures were no longer built, and in 
their place one finds small, scattered 
remains, each the site of a dwelling 
for perhaps only one family group. 

A lthough they are not centralized 
J-\.the way middle Neolithic sites 
are, the late Neolithic dwellings did 
not exist in isolation. Evidence from 
the upper reac hes of the Ourcq River 
near the town of Fere-en-Tardenois 
shows that the houses were grouped 
in what might be called an expanded 
village: a cluster of widely separated 
structures with a burial place as their 
common geographic focus. Some
times the burial is marked by a mega
lithic monument, but more often it is 
simply a communal pit containing as 
many as 200 or more bodies. 

A striking feature of the late Neo
lithic clusters is that they have ex
panded far beyond the promontories 
and onto the plateau. I constructed a 
simple site typology of late Neolithic 
sites in northern France and located 
them in ecological zones. Four types 
of finds were plotted: houses, burial 
sites, axes and arrowheads. Houses 
and axes were typically found on the 
plateau between the rivers. Burial 
sites tended to be on hillSides cov
ered with the thin, chalky soil called 
rendzina; arrowheads were likely to 
be found on hillsides covered with 

INTENSIVE 
POPULATION 

HORTICULTURE NEW 

INCREASE > -----7 LANDSCAPE � 
VALLEY BOTTOMS ZONES 

/ 
RESOURCE 
PRESSURE 

sandy deposits, which were proba
bly rich hunting grounds. 

Clearly, then, in late Neolithic cul
ture different activities took place 
in their own landscape zones. Even 
more significant, agriculture (associ
ated with the house sites) had moved 
out on the plateau, implying an eco
nomic shift. As I have described, the 
soil near the spring line, which pro
vided the basis of middle Neolithic 
farming, was sufficiently moist and 
fertile to be worked without heavy 
plows. On the plateau, which is wa
tered chiefly by rain, the heavy plow 
is needed to turn the soil and bring 
up moist earth from below. Indeed, 
the appearance of Seine-Oise-Marne 
culture is roughly simultaneous with 
the spread of the heavy plow and 
means of pulling it. Equipped with 
those implements, individual fam
ilies could farm the previously un
workable soil of the plateau and 
achieve unprecedented economic in
dependence. 

The introduction of the plow ap
pears to have been only one aspect of 
a general economic transformation 
that took place during the late Neo
lithic. Charcoal layers at sites cleared 
of forest during late Neolithic times 
suggest that fixed-plot methods had 
given way to a slash-and-burn mode. 
That conclusion is reinforced by the 
fact that most of the Seine-Oise
Marne dwellings are small and were 
occupied briefly compared with the 
length of time that the burial sites 
were used. There is also evidence 
that the pig (an animal well suited to 
newly cleared forest edges) had tak-

MORE MOBILE 
/ ECONOMY 

/ 
CATTLE 

INTENSIVE 
DEFENSE HORTICULTURE 

AND � 
WARFARE VALLEY BOTTOMS 

AND PLATEAU EDGE 

� INCREASED 
CENTRALIZATION 

AUTHOR'S MODEL for the social changes that took place during 

the mid·Neolithic period is based partly on climatic deterio· 

ration. A wetter, colder climate, combined with population in-

creases, may have led to pressure on resources such as land for 

farming. Resource pressure in turn may have yielded warfare, 

with the accompanying fortification and centralization of sites. 
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en on a greatly increased economic 
significance. 

Recent thinking in archaeology 
has tended to explain the linked ap
pearance of plow, traction and new 
domesticates as a "Secondary Prod
ucts Revolution," which in certain 
parts of Europe added milk and wool 
to the inventory of agricultural prod
ucts. Indeed, iri some regions the de
velopment of wool as a cash crop, 
accompanied by the introduction of 
metallurgy, heralded the end of the 
late Neolithic period and the begin
ning of the Bronze Age. One branch 

of Seine-Oise-Marne culture (the Hor
gen group in Switzerland) underwent 
just such a transition from about 
the middle of the third millennium 
B.C. onward. 

In the heartland of the Seine-Oise
Marne culture, however, the very 
success of the expansion onto the 
plateau seems to have inhibited fur
ther social development. In the Paris 
basin the amount of land accessible 
to plow-based agriculture was quite 
large in relation to the population. 
Unlike some other regions, includ
ing Switzerland, where the limited 

LATE NEOLITHIC DWELLINGS centered on a funerary monument are near the village 

of Vaux, which is south of the Aisne valley. In its general construction the tomb resem

bles the one shown in the illustration on pages 1 18 and 1 1 9. 1t was probably a commu

nal burial site, although the direct evidence was removed by looting in the 19th century. 

The Neolithic sites scattered around the tomb were dwellings for individual families. 
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availability of land led to renewed 
demographic pressure, in much of 
France simple outward expansion 
made it possible to maintain social 
and economic structures that else
where were forced out of existence 
by Bronze Age innovations. 

T
hus it seems that resource pres
sure-in particular demographic 

pressure on arable land-was one of 
the driving forces of social and cul
tural change during much of the Neo
lithic period in northwestern Europe. 
Population pressure appears to have 
been one of the key factors in caus
ing the remarkable centralization 
and fortification of settlements that 
appeared during the mid-Neolithic. 
In addition, resource pressure had a 
role in determining that in areas such 
as Switzerland and Britain, where ar
able land was limited, the Stone Age 
ended sooner than it did in the Seine
Oise-Marne region, where the pla
teaus offered ample room for contin
ued expansion. 

The crucial significance of arable 
land for social structure is perhaps 
not surprising in an early agricultural 
society. Yet for the Neolithic period 
that significance could not have been 
understood without increased schol
arly emphasis on spatial distribution, 
both on the scale of Europe and the 
smaller scale of local areas. Indeed, 
the distribution map is one of the 
tools that has survived a notable re
cent transition in archaeology and 
emerged with increased scholarly 
respect. 

One often hears the term "New Ar
chaeology" applied to approaches in 
archaeology that were developed in 
the 1960's. In contrast to the "Old Ar
chaeology," which was largely em
pirical in its bent aNd shied away 
from overarching theories, the New 
Archaeology draws heavily on theo
ries developed in anthropology, lin
guistics and geography. 

The uses of the distribution map 
reflect these fundamental changes 
within the discipline of archaeology. 
Instead of simply being an instru
ment of location, such maps have be
come the starting point for elaborat
ing theories to explain underlying 
events. In the case of the Neolithic 
period in northwestern Europe, that 
is just what has happened. Beginning 
with such spatial concepts as settle
ment cells, centralization and scatter
ing, and ecological zones, it has been 
possible to explain some of the un
derlying forces that determined what 
form early agriculture took on the 
plains of northern Europe. 
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EX 1000 300 CPS . . . . . . . . . .  CALL 
LO 800 NLO (Parallel) . . . . . . .  CALL 
LO 1000 NLO (Parallel) . . . . . .  CALL 
LO 2500 NLO 324 CPS • . . . . .  CALL 
CR 420i NLO 420 CPS . . . . . . .  CALL 

SAVE OVER 80% 
EPSON SQ-2000 

wide carriage Ink jet printer 

Mfr. Sugg. Ret. $2395 $399 

PRINT BUFFERS 

PRACTICAL PERIPHERALS 
64K parallel or serial . . . . . . . . .  $129 
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64K universal . . . . . . . . . . . . . . .  250 
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QUADRAM 
Microfazers . . . . . . . . . . . . . . .  CALL 

MONITORS 

BEST BU Y 
Samsung 1464W 13" RGB . . . .  $275 
Samsung 1252G 12" Amber TTL. 99 
Tatung 1360 RGB . . . .. . . . . . . . 339 
Sanyo 9212 12" Amber Composite 84 

NEC 
Multisync . . . . . . . . . . . . . • • . . .  549 

AMDEK 
310A (TTL) Amber . . . . . . . . . . . .  129 
410A. 410G. 410W . . . . . . . . . .  CALL 
600S RG B color . . . . . . . . . . . . . 339 
722C . . . . . . . . . . . . . . . . . . . . .  450 

PRINCETON GRAPHICS 
All Models . • • . . . . . . . . . . . . .  CALL 

SONY MONITORS 
All Models . . . . . . . . . . . . . . . .  CALL 

Huge Discounts on 
TOSHIBA /OlE:, 
� IERIIII Diablo' 

DICONIX 8213 
Portable Printer 

Perfect for Laptop Computers 
Call for Price 

SPECIAL PURCHASE! 
Diablo 0-625 Daisywheel 25CPS 
Elek·Tek Price $399* 
'Price includes IBM parallel interface 

TRIPPLITE & PERMA POWER 

POWER PROTEerlON 

Surge protector strips 
PermaPower 6 outlet . . . . . . . .  $28 
Isobar4·6 4 outlet . . . . . . . . . . . .  42 
Isobar8·15 8 outlet . . . . . . . . . . .  50 

Line conditioners/stabilizers 
TL1200 4 out 1200W . . . . . . . . .  135 
TL1800 6 out 1800W . . . . . . . . .  199 

Command consoles 
TLCCI 612 . . . . . . . . . . . . . . . . .  79 
PermaRS562 Power Commander65 

Standby power systems 
TLBC450 450 watt system . . . .  360 
TLBC750 750 watt system . . . .  535 
TLBC1200 1000 watt system . . .  850 
TLBC2000 . . . . . . . . . . . . . • . .  1299 
SAFE400VA 400 volt system . . .  350 
SAFE1200VA 1200 volt system . .  899 

PUSH BUTTON SWlreH BOXES 

448010 2 pas. 25'pin AB . . . . .  $29 
448052 2 pas. 36·pin AB . . . . . .  32 

ROTARY SWITCH BOXES 

448028 3 pas. 25·pin ABC . . . .  $29 
448060 3 pas. 36·pin ABC . . . . .  33 

VIDEO BOARDS 

Hercules Graphics PLUS . . . . . .  $179 
Generic Hercules compatible . . . .  80 
Hercules color .............. 155 
Generic color compatible . . . . . . . 80 
Hercules InColor Card . . . . . . . .  329 
Vega Deluxe . . . . . . . . . . . . . . . .  289 
Everex EGA 480 . . . . . . . . . . . . .  150 
Generic EGA '/2 card . . . .. . . . .  139 
Ouadram Prosync . . . . . . . .. . .  369 
Paradise EGA 480 . . . . . . . . . . .  175 
Paradise EGA 350 . . . . . . . . . . .  139 
Paradise Hi res . . . . . . . . . . . . . . . 90 
Paradise Modular Graph,cs . . . . .  99 

3M DATA CAR TRIDGES 

3M 1 10 25 
�<i. A --- --- ---

eO DC100A $13.50 $13.00 $12.00 
DC300A 17.50 17.0.0 16.00 

13.00 12.00 DC300XLlP 21.50 21.00 20.00 
20.00 16.00 DC600A 23.00 22.50 21.50 
49.00 - DC1000 14.50 14.00 13.50 

- 7.00 DC1000 alpha·· 16.50 16.00 15.00 
8.00 DC1000 delta· 16.50 16.00 15.00 -

DC2000 19.00 18.50 18.00 
- 10.00 DC2000 gamma ··· 22.50 22.00 21.00 
- 17.00 DC2000 alpha · •• 22.50 22.00 21.00 
- - • formalled 10 MB Cartridges 
- •• formalled 20 MB Cartridges 

••• formalled 40 MB Cartridges 
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Modeling Tidal Power 
Computer simulations show that a tidal power dam in the Bay of Fundy 
would raise tide levels as far away as Boston. The models can now be 
used to help assess the environmental and economic cost of tidal power 

T
he highest tides in the world 
are found in the upper Bay 
of Fundy, which lies between 

New Brunswick and Nova Scotia. The 
difference between low water and 
high water there is typically 12 me
ters, and for extreme tides the range 
can be close to 17 meters. As the wa
ter approaches its peak level it often 
rises at the rate of more than a foot 
every 10 minutes, and in some places 
unwary beachcombers must race to 
reach dry land ahead of the surging 
tide. The water of the St. John River 
pours upstream over the Reversing 
Falls, and in the rivers at the head of 
the bay one can see tidal bores: the 
shallow bottom slows the leading 
edge of the advancing tide, so that a 
moving cascade seems to propagate 
up the river. 

For centuries the tides have ruled 
the lives of people along the Fundy 
coast. At the same time there were al
ways those who dreamed of harness
ing the tide for their own benefit. As 
early as 1609 settlers built mills driv
en by tidal power. In this century the 
dream is to exploit the tides to gen
erate electricity. The most effective 
way to extract power from the tides 
would be to build a dam across part 
of the bay. At high tide water would 
fill the reservoir behind the dam; af
ter the tide had receded enough the 
water would be released through tur
bines, much as it is in an ordinary 
hydroelectric dam. The total flow at 
each tide through the Bay of Fundy 
could theoretically generate 400 mil
lion kilowatt-hours of energy, which 
would be equivalent to the output 
of 250 large nuclear power plants. 
Realizing just a small part of that po
tential would make a useful contri
bution to the energy demands of 
eastern North America. 

The governments of Nova Scotia 
and of Canada have already built a 
test plant, on an inlet of the bay at 
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by David A. Greenberg 

Annapolis Royal, that has a generat
ing capacity of 20,000 kilowatts, and 
they have seriously examined three 
proposed sites for a commercial tidal 
power dam in the Bay of Fundy. The 
largest of the proposed projects, in 
Minas Basin, would release through 
its turbines

· 
55,000 cubic meters of 

water per second, or about seven 
times the flow of the St. Lawrence 
River at Montreal. It would be capa
ble of generating some 5,000 mega
watts of electric power. The projects 
would have been competitive eco
nomically a few years ago, when oil 
prices reached their highest level; 
they remain an attractive option for 
the near future because, unlike pow
er from nuclear or fossil fuels, tid
al power is a clean, reliable and-on 
the face of it-safe source of renew
able energy. 

Yet any engineering project of this 
size is bound to have an impact on 
the environment. In order to study 
what some of these effects might be, 
my colleagues and I have developed 
a computerized model. It suggests 
that a tidal power dam would cause a 
small increase in tide levels over a 
large area extending down the Gulf 
of Maine to Boston and Cape Cod, 
an increase that could have signifi
cant environmental consequences. 
We cannot yet predict the exact en
vironmental impact, but we think 
our model is now accurate enough 
to play an essential role in assessing 
the true costs of tidal power. 

T
he scientific explanation for the 
high tides in the Bay of Fundy has 

been the subject of much speculation 
for decades. The gravitational forces 
of the sun, earth and moon generate 
the tides in the deep sea, which are in 
turn the primary driving force for the 
tides in the shallower waters of the 
continental shelf. But on the conti
nental shelf itself local factors such 

as the shape of the shoreline, the 
depth of the water and the width of 
the shelf affect the tide even more 
than the astronomical forces. The ex
ceptionally high tides in the Bay of 
Fundy are thought to result from 
the physical proportions of the bay, 
which give rise to a phenomenon 
called resonance. 

Resonance can occur in any sys
tem in which there is a natural fre
quency of oscillation. When the sys
tem is driven by an external force at 
the same frequency as its natural fre
quency, there is a sudden and drastic 
increase in the amplitude of the oscil
lations. For example, a crystal wine 
goblet, by virtue of its shape and sub
stance, rings at a certain tone, or fre
quency, when it is struck. A singer 
can produce the same tone, generat
ing sound waves that reinforce the 
natural vibrations of the goblet and 
can cause it to shiver so violently 
that it breaks. 

A closer analogy to what takes 
place in the Bay of Fundy is the oscil
lation of water in a bathtub. If a stan
dard bathtub is filled to a depth of 20 
centimeters, a wave of water sloshes 
back and forth about once every two 
seconds. Now, if one were to help the 
wave by giving it a push every time it 
went by, the wave would quickly in
crease in size and threaten to over
flow the sides of the tub. One might 
think that pushing more often would 
have an even greater effect, but in 
fact it would cause only light splash
ing because the pushing would inter
fere with the natural motion of the 
wave. The period of the wave (the 
length of time it takes to complete a 
full oscillation) is determined by the 
depth of the water and the length of 
the tub. 

For some 50 years it was thought 
the depth and length of the Bay of 
Fundy were such that a deep-water 
wave would move into the bay and 
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DRAMATIC CHANGE is a daily fact of life for the inhabitants of 
the small fishing port of Halls Harbour, Nova Scotia. The tide am
plitudes here are average by the standards of the Bay of Fundy, 

and yet they govern the work patterns of the fishermen. Boats 
can sail only at high tide and must be docked carefully so that 
they come to rest safely on the exposed harbor bed at low tide. 
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NEW BRUNSWICK 

MAINE 

GULF OF MAINE and Bay of Fundy must both be included in a study of the tides in the 
bay and the effects of building a power dam. The highest tides are found in Minas Basin 
and the swiftest tidal currents off Cape Split. Shepody Bay, Cumberland Basin and Mi
nas Basin are proposed sites for tidal dams. There is a test plant at Annapolis Royal. 

be reflected out again with a period 
very close to the period of the lunar 
tide. The tidal period is 12.4 hours; 
the bay's "first resonant mode" was 
estimated to be somewhere between 
10.5 and 12 hours. In 1968, however, 
Desiraju B. Rao, then at the marine
sciences branch of the Department of 
Energy, Mines and Resources, calcu
lated on the basis of an early tidal 
model that the resonant period of the 
bay is actually shorter: about nine 
hours. That is close enough for some 
amplification but not close enough 
for true resonance. The resonance 
thesis is nonetheless serviceable-if 
the model considers not only the Bay 
of Fundy but also the Gulf of Maine 
beyond it. The bay and gulf com
bined turn out to form one tidal sys
tem, which has a resonant period of 
about 13.3 hours. 

The resonance thesis predicts that 
if the length of the bay were to be 
changed by constructing a tidal pow
er dam at its head, the bay's reso
nant period would change; because 
the bay is near resonance with the 
tide cycle, even slight changes in 
its length could cause significant 
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changes in tidal amplification. In or
der to model the tides and predict 
changes due to tidal power barriers, 
we need to include several signifi
cant factors other than the length of 
the bay. In the upper bay, for exam
ple, the exposure of shallow areas 
at low tide and their submergence 
at high tide can shift the land-water 
boundary by several kilometers. Off 
Cape Split, between Minas Channel 
and Minas Basin (the area with the 
largest tides), there is a narrows that 
severely constricts the flow of the 
tide. Currents of more than four me
ters per second are found there in the 
flood tide and the ebb tide, leading to 
unusually high dissipation of tidal 
energy-which also must be comput
ed in our model. 

O
ur model, like any mathematical 
model, is a tool for predicting. 

A deterministic view of nature pro
poses that if one knew all the phYSi
cal laws and the state of the entire 
universe at a given instant, one could 
predict the future. Unfortunately it is 
not possible to solve all the relevant 
equations of motion for even a small 

system. With the advent of comput
ers, scientists have found one way 
around this intractable problem by 
constructing mathematical mode·ls 
that are Simplified approximations of 
the real world. The models them
selves are often extremely complex, 
with a large number of parts, each of 
which calls for huge amounts of com
putation. Yet they can yield impor
tant results in a reasonable length of 
time. The challenge in designing a 
good model is to break down the 
problem to the proper scale and to 
choose the physical laws that are 
most relevant to the problem. There 
is always a tradeoff between the 
accuracy afforded by a more com
plex model and the faster computa
tion time of a simpler one. 

In modeling the Bay of Fundy and 
Gulf of Maine we are concerned not 
with the motions of individual mole
cules but with the tide-driven move
ment of large volumes of water. We 
therefore divided the area into a grid 
in which each grid cell represents a 
square column of water extending 
from the sea floor to the surface. Each 
cell obeys the physical laws that gov
ern the motion of fluids in the sea. 
(One can consider the currents to be 
the same from top to bottom.) Then, 
if we know the state of the tidal cur
rents and water levels at a certain 
time, we can apply our model to cal
culate the currents and elevations at 
some future time. Moreover, we can 
predict what would happen if the 
physical area were changed, for ex
ample by a dam. 

The law of conservation of mass 
dictates that the water level of a grid 
cell goes up if there is more water 
coming in across the sides of the cell' 
than is going out. If the water level is 
higher in one cell than in an adjacent 
cell, the water is accelerated toward 
the one with the lower level. Because 
of the earth's rotation, any flow be
tween the cells leads to an acceler
ation in a perpendicular direction 
(to the right in the Northern Hemi
sphere). At the same time the flow is 
opposed by a frictional force that is 
proportional to the square of the cur
rent's speed. In certain places, such 
as a narrow, fast channel or a sharp 
bend, we must also account for the 
acceleration of the water as the cur
rent changes speed and direction in a 
short distance. In most tidal calcula
tions this effect is small and can be ig
nored, but it is not the case for the up
per Bay of Fundy. 

The size of the grid cells is what de
termines the resolution of the mod
el and the amount of computation 
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needed. The smallest island, bay or 
subsurface ridge that can be repre
sented in the model is one that is 
about the size of a single cell. The 
shortest barrier or spit would be one 
whose length is that of the side of a 
cell. The maximum time step that can 
be used is the time it takes for a shal
low-water wave to traverse one grid 
cell. Since many computations are 
made for each cell, high resolution 
(many cells for a small area) would 
require more computation than low
er resolution. For example, to im
prove the resolution of a model by a 
factor of tWo one would have to 
square the number of grid cells and 
use twice the number of time steps 
(because the wave crosses the small
er cells in half the time), which would 
require an eightfold intrease in the 
computational effort. (That is to 
say, the computational effort is in
versely proportional to the cube of 
the length of the side of a grid cell.) 

I
n order to reduce the computation 
time needed to run our model of 

the Bay of Fundy and Gulf of Maine, 
we developed a progressive mesh
refinement scheme that yields very 
fine resolution 0.7 kilometers) in the 
upper Bay of Fundy, with progres
sively larger grid cells (2.3 and seven 
kilometers), and coarsest resolution 
(21  kilometers) in the Gulf of Maine. 
Extensive testing has indicated that 
the accuracy of the model's predic
tions is not affected by coarse resolu-

. tion in the Gulf of Maine but is notice
ably affected by resolution at the 
head of the bay. The highest reso-, 
lutlon is required in Minas Basin, 
around tape Split and around inter
tidal areas, where the extreme differ-

DEEP-SEA TIDE is amplified by resonant 
interaction with an appropriately shaped 
bay. The tide (red line) enters the bay at 
t = O. At t = 2/8 the tide reaches the head 
of the bay and is reflected back out (blue 
line). The incoming and outgoing waves 
combine to produce the observed water 
level (green line). At r = 4/8 the waves re
inforce to give the peak tide amplitude. 
At the end of one cycle the combined 
troughs result in the lowest tide; at the 
edge of the continental shelf the outgoing 
crest meets the next tide coming in. In the 
real world the deep sea is 10 times deeper 
than the continental-shelf waters. When 
the reflected wave leaves the bay, its am
plitude falls by an amount inversely pro
portional to the change in depth of the 
water. (The amplitude did not increase 
when the tide entered the bay because 
some water bounced off the edge of the 
shelf and was sent back to the deep sea.) 

T = 0 HIGH TID�E ..:::::_-__ _ 
MEAN SEA LEVEL ---------

LOW TIDE 

DEEP WATER 

T= 1/8 

T= 2/8 
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REFLECTED WAVE 
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T
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_
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YOUR SYSTEM: a time
consuming, futile struggle 

to keep up with the 
information explosion. 

The classic texts are convenient 
references-but the information they 

contain is obsolete before publication. 

Like many physicians, you probably rely on 
the texts you first used in medical school. But 
even using the most recent editions, you find 
material that no longer reflects current clini
cal thinking-and they lack the latest informa
tion on such topics as herpes, oncogenes, 
AIDS, and photon imaging. 

Reading stacks of journals alerts you to 
recent developments-but can't give you 

quick answers on patient management. 

Struggling through the hundreds of journal 
pages published each month-even on only 
the really significant advances in the field-is 
arduous and memory-taxing. And it's a task 
that costs physicians valuable time-their 
most precious resource. 

Review courses cover clinical advances
but, months later, do you recall the details 

of a new procedure or unfamilial' drug? 

Seminars can also be costly and make you lose 
valuable time away from your practice
expenses that may amount to several thou
sand dollars. And, the speaker's skill often de
termines how much you learn. 
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OUR SYSTEM: a rewarding, efficient 
way to keep yourself up-to-date-and 
save hundreds of hours of your time 
for patient care. 

A comprehensive, Z,300-page text in two loose-leaf volumes, 
incorporating the latest advances in medical practice as of the 
month you subscribe. 

This superbly designed, heavily illustrated resource, called "the best 
written of all [the internal medicine) books" byJAMA (251:807, 1984), 
provides a practical, comprehensive description of patient care in 15 
subspecialties. And, because the text is updated each month, the 
clinical recommendations ref lect all the current f indings. A 
practice-oriented index and bibliography of recent articles further 
enhance the efficiency of the text. 

Each month, six to nine replacement chapters to update 
your text plus new references, a four- to five-page news 
bulletin, and a completely new index. 

You'd have to read hundreds of journal pages each month-and 
memorize the contents-to get the same information SCIENTIFIC 
AMERICAN Medicine contains. With our updated text, you read only 
the information you really need. Our authors, largely from Halvard 
and Stanford, sort through the literature and monitor develop
ments, incorporating the significant advances into our chapters. 

At no additional cost, a 3Z-credit CME program, to save 
you valuable patient-care time and the expense of attending 
review courses. 

Earn 32 Category 1 or prescribed credits per year with our conve
nient self-study patient management problems; each simulates a 
real-life clinical situation. Choose either the complimentary printed 
version or, at a modest extra charge, the f loppy-disk version for your 
IBM® PCIPC Jr., Macintosh TM, or Apple® lIe or II + (or compatible). 

r----------------
Your subscription includes: 

the two-volume, 2,300-page loose-leaf text 

and, each month, six to nine replacement chapters, 
a newsletter, new references, 

and a completely revised index. 

Or call toll-free: 1-800-345-8112 
(in Penn. 1-800-662-2444) 

SCIENTIFIC 
MEDICINE ;UIERICAN 

415 MADISON AVENUE. NEW YORK. N.Y. 10017 

D Yes, I'd like to try the SCIENTIFIC AMERICAN Medicine 
system. Please enter my subscription at a first-year 

price of U5$245'. 
D Also enroll me i1. the CME program. I'd prefer: 

D the printed version at no additional charge. 
D the floppy-disk version at an additional $U597.' 

Computer type or compatible: 
o IBM® PCIPC Jr. (128K RAM, DOS 2.0/2.1) 
o Macintosh" (512K RAM) 
o Apple® lIe i64K RAM) 
Apple® II + (64K RAM) 80-col. card by: 0 Apple® 0 Videx® 

D Enroll me in the f loppy-disk CME only at U5$152.' 
(Note model above.) 
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Signature _________________ _ 
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CONSERVA nON OF MASS dictates that if more water flows into a grid cell than flows 
out, the surface rises (a). A difference in surface level between cells results in accelera· 
tion of water from the high to the low side (b). The force of the earth's rotation pushes 
the water in a direction perpendicular to flow (c). Bottom friction opposes the flow (d). 

OPEN 
BOUNDARY 

SMALLEST OPEN 

I 
I 

BOUNDARY 

.. -- -- - ""'Z-
O�EN BOUNDARY 

CELL 
SEA LEVEL 

BAY 

DIMENSIONS of a single grid cell determine the size of the smallest island, bay, spit 
of land, open boundary or subsurface ledge that can be resolved by the tidal model. 
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ence between the low· and high·wa
ter lines changes land boundaries 
and currents dramatically. Without 
good resolution in these areas' it 
would be difficult to reproduce the 
existing tidal regime accurately and 
our predictions would be on shaky 
ground. 

In order to complete the specifica
tion of the model, we need to provide 
information about what takes place 
at its boundaries. The shoreline is 
a "closed boundary": no water can 
flow across the side of a grid cell that 
represents the shore. Large areas at 
the head of the Bay ofFundy become 
dry at low tide, and so cells are re
moved from the computations as the 
water level falls and are added when 
the level rises to represent a moving 
land boundary. 

At the grid cells on the open-sea 
boundaries, for example at the edge 
of the continental shelf, we simulate 
the movement of water into and out 
of the model. The deep-sea tides 
drive the water over the continental 
shelf into the Gulf of Maine, provid
ing the conditions that set the mod
el in motion. The conditions can be 
specified either as the tidal elevation 
or the tidal flow (the elevation is easi
er to measure than the flow). 

In applying our model to see how a 
dam would affect tides we must en
sure that the open-sea boundary is 
far enough away so that tides there 
would not be significantly changed 
by introducing the dam. The edge of 
the continental shelf is one logical 
boundary, since the shallow shelf 
area has only marginal influence on 
deep-sea tides. The remaining sea 
boundaries in this study are one shelf 
width away from the Gulf of Maine, 
far enough so that effects from the 
upper bay would be negligible. (The 
remainder of the model is bounded 
by land, which is simulated by the 
closed-boundary condition in which 
no current can pass through a cell.) 

The choice of the sea boundaries 
introduces the greatest uncertainty 
in the model, because actually no 
part of the ocean is far enough away 
to experience absolutely no effects 
from the dam. Christopher Garrett 
and his co·workers at Dalhousie Uni
versity and I used a more analytical 
model of the entire North Atlantic to 
approximate the effects on far·off ar
eas outside the Gulf of Maine. Using 
these figures, we determined the lim· 
its of uncertainty in the tidal model 
and concluded that its predictions of 
the change in tide elevations should 
be accurate to within 25 percent. 

Before using our model to make 
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TIDAL MODEL accurately reproduced the observed height and 
timing of the lunar tide. The blue lines show the predicted height 
of the high tide above the mean sea level. The red lines time the 
progress of the tide from its arrival at the edge of the continen· 
tal shelf. The bay·and·gulf system would resonate if its length 

corresponded to a quarter of a full wave cycle (see illustration on 
page 128C). The tide takes approximately from 3.3 to four hours 
to travel from near the edge of the continental shelf to Minas Ba
sin-close enough to a quarter of the 13.3-hour period of oscilla
tion of the bay and gulf to account for the large tide amplitudes. 

predictions we had to calibrate it to 
ensure that it reproduced the exist
ing tidal regime accurately. Deep-sea 
tide gauges provided measurements 
of the tides at the open-sea bound
aries of the area covered by the mod
el. Using these data, we ran the mod
el and obtained predictions for tidal 
elevations and currents, which were 
then compared with actual observa
tions at more than 70 sites. Succes
sive adjustments and refinements 
brought the model to its present 
form, which agrees well with the ob
served tides. 

A principal objective of the calibra
tion process was to determine the 
proper coefficients of friction. These 
account approximately for bottom 
roughness and non tidal background 
currents, both of which create fric
tional forces that diminish the height 
of the tidal wave and delay its arrival 
time. The frictional characteristics 
were checked by comparison with 
the long-term variation in tides. The 
semidiurnal lunar tide varies in the 
deep sea by plus or minus 3.7 per
cent over 18.6 years owing to varia
tions in the declination of the moon's 
orbit. Observations indicate that in 
the Bay of Fundy and Gulf of Maine 
friction reduces the modulation to 
plus or minus 2.4 percent. The mod
el's response to a 3.7 percent in
crease in input tide at the open-sea 
boundary was very close to the ob
served value of 2.4 percent. With the 
model accurately reproducing the ef-
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fects of friction, we could go on to 
predict changes in tidal regime with 
greater confidence. 

B
efore presenting our predictions I 
need to describe the proposed tid

al power plants whose effect we want 
to determine. The largest scheme 
proposed for the upper Bay of Fundy 
would have a maximum capacity of 
about 5,000 megawatts and an av
erage actual production of perhaps 
1 , 500 megawatts-much more than 
could be absorbed by the electri
cal grids in Atlantic Canada. The out
put could, however, be integrated 
into the large northeastern U.S. grid, 
amounting to an immediate saving 
of some 23 million barrels of oil ev
ery year. 

Existing and proposed tidal pow
er developments in Canada, France, 
South Korea and the U.S.S.R. involve 
dams that trap the high-tide water 
in a reservoir and then release it 
through turbines. Special turbines 
are needed because the head (the dif
ference in water level across the 
dam) available for tidal power gener
ation is low compared with that of 
a large hydroelectric plant. The tur
bines would be large machines, with 
diameters of seven meters or more, 
that turn relatively slowly (at about 
60 revolutions per minute). 

For the project proposed for the up
per Bay of Fundy, 100 or more such 
turbines would be installed in a dam 
spanning eight kilometers. The res-

ervoir behind the dam would be 
filled through sluices by the riSing 
tide. There would be a short wait af
ter high tide for the tide outside the 
barrier to fall enough to create the 
minimum head required for power 
generation, and then the turbines 
would be engaged for about seven 
hours-until the drop in the reservoir 
reduced the head to an unusable 
level, when the turbines would be 
closed. As the tide again rose above 
the reservoir level, the sluices would 
open and the cycle would begin 
again. This one-way mode of genera
tion, employed at the present test 
plant in Annapolis Royal, is called 
ebb generation. Two-way generation 
is also possible and would yield more 
power, but the greater complexity of 
design would make the power more 
expensive. 

To simulate the presence of a tidal 
power barrier, we needed a special 
set of rules for the flow of water 
through the grid cells at the barrier. 
For example, the difference in water 
level across the barrier determines 
whether sluices or turbines are oper
ating and affects the direction of the 
flow of water. The velocity calcula
tion at the dam cannot conserve mo
mentum, because energy is being re
moved from the water. Instead there 
is a hydraulic relation in which the 
flow through the barrier is propor
tional to the square root of the head 
across the barrier. The number of 
sluices and turbines being simulated 
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SHEPODY BAY barrier would diminish tide amplitudes at the 
head of the Bay of Fundy while increasing it in the Gulf of Maine. 
(The map gives the change in centimeters.) The barrier would 
shorten the oscillation periods of both the bay (nine hours) and 

the combined bay and gulf (13.3 hours). The bay's period would 
move further from the 12.4-hour lunar period, and so tides there 
would fall. Conversely, the period of the bay and gulf togeth
er would move closer to the lunar period, causing an increase. 

along the side of each cell also deter
mines the rate at which water flows 
in and out of the cell. 

I 
shall now describe the results of 
simulations carried out for two of 

the proposed power plants being 
considered most seriously. The first 
simulation was of a small barrier 
across Shepody Bay. This dam would 
have an installed generation capaci
ty of 1,600 megawatts. At the barrier 
itself, the model predicts, the ampli
tude of the tidal sea-level elevation 
would decrease by 24 centimeters. 
(Amplitude is measured from the 
mean water level and is equal to half 
the tidal range; in this case high wa
ter would be 24 centimeters lower 
and low water would be 24 centime
ters higher.) There would be a de
crease throughout the head of the 
bay, with the effect diminishing and 
turning into an increase in tidal am
plitude in the central part of the bay 
near St. John. The coast of the Gulf of 
Maine from Bar Harbor to Cape Cod 
would experience an increase in tidal 
amplitude ranging from three to four 
centimeters. . 

The second simulation was of the 
largest project now being consid
ered, a barrier eight kilometers long 
across part of Minas Basin with an in
stalled capacity of about 5,000 mega
watts. The model predicts that the in
stallation would lead to a 34-centime
ter decrease in tidal amplitude at the 
barrier, with the effect dropping off 
rapidly as one moves out toward the 
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bay. Throughout the greater part of 
the bay and the Gulf of Maine there 
would be an increase in tidal ampli
tude ranging from more than 20 cen
timeters in the upper part ofChignec
to Bay to 15 centimeters in Massachu
setts Bay. (In both simulations these 
effects fall off toward the model's 
open-sea boundaries.) 

The nature of the changes can be 
explained qualitatively in terms of 
the resonance thesis that I described 
above. Putting in a barrier shortens 
the Bay of Fundy, moving the bay's 
nine-hour period further away from 
the tidal period of 12.4 hours and 
causing a decrease in the tidal ampli
fication from the mouth to the head 
of the bay. In contrast, the reduction 
of the 13.3-hour resonant period of 
the entire bay-and-gulf system by 
about 10 minutes brings it closer to 
the tidal period and thereby causes 
increased tides. 

In the case of the Shepody Bay proj
ect the decreased amplification in the 
Bay of Fundy dominates at the head 
of the bay, whereas the increased 
amplification for the bay-and-gulf 
dominates in the Gulf of Maine. In the 
central part of the Bay of Fundy the 
two effects cancel. The Minas Basin 
simulation, on the other hand, is 
complicated by the effects of friction. 
Normally a large amount of energy is 
dissipated by friction in the narrows 
off Cape Split. Because the dam de
creases flow through this channel, 
the tide moves in more slowly and 
less energy is dissipated, so that just 

inside the cape the water would car
ry more energy and cause the tides to 
rise higher. The combination of re
duced dissipation and changing reso
nance pattern gives rise to increased 
tidal amplitudes everywhere except 
near the barrier. 

T
he changes in the tides that are 
predicted by our model would 

have effects all along the coast of the 
Bay of Fundy and the Gulf of Maine. 
Would these effects be significant? 
The changes appear to be minor 
compared with natural variations in 
local sea levels. At Boston, for exam
ple, the high tide can vary from less 
than one meter to more than two me
ters above mean sea level in the 
course of the year. Local winds com
monly whip up surface waves with 
an amplitude of one meter or more 
and large storm systems have creat
ed surges of as much as two meters. 
Measurement of the earth's crustal 
movement indicates that the Boston 
area is sinking (with respect to mean 
sea level) at a rate of from 15 to 30 
centimeters per century. The green
house effect could, according to the 
best predictions, cause a general rise 
in sea level of one meter over the 
next 100 years. 

Compared with these variations, 
one might think that the maximum 
IS-centimeter increase in tidal ampli
tude we calculate for Massachusetts 
Bay would not be noticeable, but in 
areas that are already sensitive to 
sea-level variation such an increase 
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MINAS BASIN barrier would have a markedly different effect. 

Tide amplitudes would fall near the dam and rise by 10 to 20 cen· 

timeters in the Gulf of Maine. Unlike the Shepody Bay dam, it 

would not cause a drop in the area around Cape Split, even 

though it would cause a similar change in resonance characteris· 

tics. Instead the barrier would slow the current, causing less en· 

ergy to be dissipated in the narrows off the cape. The water reo 

tains more energy and rises, offsetting the resonance effects. 

could indeed be significant. For the 
sea to rise to flood levels there must 
usually be some combination of high 
tide , large waves and a storm surge. 
An additional small increase in the 
level of high·tide might precipitate 
floods under conditions that other· 
wise would not cause problems. 
Hence one might expect an increase 
in the number and severity of floods, 
and areas previously thought safe 
could find themselves within new 
floodplain limits. Many wharfs and 
shore structures have been built 
close to the present high-tide level; 
some of the older ones are already 
strained by the rising sea level, and 
they would be subjected to further 
stress if there were even a slight in· 
crease in high tide. 

Moreover, tidal currents would be 
altered by the changes in tide levels. 
These currents play a maj or role in 
mixing the water in the Bay of Fundy 
and the Gulf of Maine. In summer the 
surface water is warmer and less 
salty than the bottom water, and 
therefore lighter. Strong tidal cur· 
rents churn the water, cooling the 
surface layers and warming the bot
tom. A change in the surface temper
ature could affect the recreational 
use of some areas and even modify 
local weather characteristics, such as 
the formation offog. Swifter tidal cur· 
rents could also worsen shore ero
sion along the coast, which is already 
a major problem in certain areas 
along the Bay of Fundy and the Gulf 
of Maine. In addition, longer intervals 

of stronger tidal currents would ham
per marine navigation in many areas 
where it is already complicated. 

A tidal power dam could also have 
widespread ecological consequen
ces. Intertidal zones (those that are 
alternately flooded and exposed by 
the tide ) support complex ecosys
tems. Many species are tied to partic
ular parts of the zones and to speCific 
bottom material. An ecosystem may 
or may not be able to adapt to 
changes in the zone's tidal limits, 
depending on whether or not the 
change in tide levels alters its bottom 
characteristics. If, for example ,  the 
higher-tide region were to be extend
ed past a sandy bottom to a higher 
rocky area, an existing salt marsh 
might be transformed into a rock
and·weed ecological system. Worse 
yet, if people were to build dikes 
against the flooding brought on by 
higher tides, the marsh might be de
stroyed altogether. 

The waters around and behind the 
tidal power dam would be most se· 
verely affected. Such a barrier would 
cross the migration path of some fish 
species. I t  is not yet known whether 
the migrating fish could be redirect· 
ed to fish passages to avoid the tur· 
bines. The tidal currents in the upper 
Bay of Fundy are strong enough to 
mix the water completely from top to 
bottom. The surface water is kept 
cool throughout the summer. Slower 
tidal currents in the head pond could 
allow the water to stratify, with a 
warmer layer on top and a cooler 

layer deeper in the basin. The strati
fication would change the ecosys
tem's dynamics, since the warmer 
surface layers would probably carry 
less sediment and would support or
ganisms different from those found 
in the present cool and muddy wa
ter environment. 

In a world that is struggling to cope 
with acid rain, the greenhouse ef

fect, political instability among oil
producing nations and the disposal 
of nuclear waste, tidal power offers 
an attractive source of renewable, 
nonpolluting energy. The total har
nessable tidal power energy in the 
world can supply only a fraction of 
global energy demands, but as con
ventional power sources are ex
hausted, or as their economic and en
vironmental costs become too high, 
tidal power can make a contribution. 
There are bound to be environmen
tal impacts of tidal power-as there 
are of any energy source currently 
available. The effects of tidal power 
may in the end prove to be less costly 
than those of other sources.  

Our work has shown that tidal 
models are now accurate enough to 
predict the effects of power dams on 
the behavior of tides.  It is  up to en
vironmental engineers and policy 
makers to capitalize on this tool by 
making an effort to consider the full 
ramifications of tidal power installa
tions and their effects and deciding 
whether the price justifies making a 
commitment to tidal power. 

1 3 1  
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Fluid interfaces, including fractal flows, 
can be stUdie�ele-Shaw cell 

by learl Walker 

M onitoring the flow of a fluid in 
three dimensions is difficult 
because the motion can be 

quite complex and one's view of the 
flow's interior is often obscured. Just 
before the turn of the century the En
glish engineer Henry S. Hele-Shaw 
devised a way to simplify the flow by 
confining it to a thin layer. A Hele
Shaw cell consists of two parallel 
transparent plates separated by a 
narrow gap. Spacers between the 
plates keep the fluid in the cell. With 
this apparatus one can view and pho
tograph a fluid that is either trapped 
in the cell or made to flow through it 
from end to end. 

For half a century the device was 
merely a convenient way of observ
ing fluid flow. Then, in about 1956, 
Sir Geoffrey Taylor, a British physi
cist renowned for his work in the 
physics of fluids, recognized that the 
cell could serve to model a flow prob
lem important to the oil industry. In 
some oil fields oil is trapped in a po
rous material and hence cannot be 
pumped out directly, as a pool of oil 
can. One solution is to pump water 
through the material and so drive the 
oil to form a pool, from which it can 
be recovered. Taylor saw the prob
lem on a grander scale. How do two 
fluids behave when one of them 
(such as water) with a low viscosity 
drives another (such as oil) that has a 
greater viscosity? In his analysis Tay
lor found that the interface between 
the two fluids can become unstable, 
generating wavelike shapes. 

When the unstable nature of the in
terface was verified, flows within a 
Hele-Shaw cell drew fresh attention. 
Checking various fluids, investiga
tors discovered that the unstable in
terfaces give rise to many surprising 
shapes. Research done in the past 
two years has shown that under cer
tain circumstances an interface de-
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velops a fractal appearance. The 
term fractal refers to a type of sym
metry in which a pattern found at 
one magnification is present at other 
magnifications as well; such a pattern 
is said to be self-similar. Although the 
patterns seen in Hele-Shaw cells are 
fractal only for a limited range of 
magnifications, they have generated 
much interest in the study of unsta
ble fluid interfaces. 

I set out to reproduce some of the 
research by constructing a simple 
Hele-Shaw cell. Although the cell is 
often made from plate glass, I chose 
acrylic plates to make it easier to drill 
holes in the walls of the cell. The 
square plates, measuring 15 inches 
on a side and three-quarters of an 
inch in thickness, were bought from 
a local plastic supply house for about 
$40. Thinner (and less expensive) 
plates would serve, but a thickness of 
less than half an inch would probably 
allow the plates to buckle when they 
are mounted in the cell. 

In some experiments I wanted to 
inject a fluid into the center of the 
cell. To accommodate the needle of a 
syringe I drilled a hole through the 
acrylic plate that ,was to be the top of 
the cell. The hole was an eighth of an 
inch in diameter. To facilitate the in
jection I also bent the tip of one of the 
needles so that it would slip slightly 
under the top plate. 

I experimented with several types 
of spacers. The best spacers proved 
to be the narrow, thin strips of foam 
rubber that are sold for weather
proofiing windows. I chose strips that 
were a quarter of an inch wide. After 
cutting the strips to fit the perimeter 
of the bottom plate, I stuck them in 
place with their sticky side down. 

At one end of the cell I cut several 
narrow openings in the foam-rubber 
strip so that fluid could escape if the 
cell was full when additional fluid 

had to be added during an experi
ment. The plates were held together 
with six or more small C-clamps. To 
prepare for an experiment I removed 
the clamps and the top plate and then 
poured a liquid onto the bottom 
plate. If I wanted the entire cell to be 
full during the experiment, I poured 
enough liqUid so that about half of 
the bottom plate was covered. When 
I added the top plate and squeezed 
the plates together with the clamps, 
the liquid would fill the cell, with any 
extra leaking through the holes in 
the spacer. 

To avoid bubbles I usually poured 
the liquid onto the half of the bottom 
plate nearest to me and then laid the 
top plate down carefully, beginning 
at my side of the cell. Bubbles were 
nonetheless sometimes still present 
when the clamps were tightened. To 
remove them I stuffed a paper towel 
into the central hole and stood the 
cell on end. After the bubbles had mi
grated to the top of the cell, most of 
them popped when they reached the 
openings in the spacer. 

When the clamps were fully tight
ened, the plates were separated by 
about a millimeter. The spacing is 
crucial to some of the experiments 
because the size of the patterns de
veloped by the interface depends on 
it. Some of the patterns also depend 
on the left-to-right width of the cell: 
they may not appear if the cell is 
too narrow. This can present a prob
lem in homemade cells, because you 
want the cell to be wide enough to 
promote the patterns but not so wide 
that the plates buckle. 

To photograph the patterns I posi
tioned a flood lamp to shine upward 
between two tables of equal height. 
Across the gap between the tables I 
taped a sheet of white drawing paper 
to diffuse the light and to protect the 
lamp from any spilled liquid. After 
filling a cell I placed it above the pa
per so that it rested, on its clamps, on 
the tables. 

I first investigated experiments 
that were reported in 1958 by Taylor 
and Philip G. Saffman of the Univer
sity of Cambridge. Imagine a Hele
Shaw cell filled on one side with a flu
id of low viscosity and on the other 
side with a fluid of high viscosity; 
there is a straight interface between 
them. If the low-viscosity fluid is 
forced against the high-viscosity one 
so that the interface moves slowly, 
the interface remains straight. If the 
speed exceeds a critical value, how
ever, the interface grows unstable, 
breaking up into wavelike shapes 
that become more pronounced with 
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Chocolate syrup draining in a Hele-Shaw cell A pattern in glycerin with a loosened clamp 

Air blown into dark corn syrup Dyed water injected into condensed milk 

Cellulose at a high concentration Dyed water injected into gelatin 
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time. The interface soon resembles a 
glove: fingers of the low-viscosity flu
id extend into the high-viscosity flu
id. The instability and the growth of 
fingers stem from the difference be
tween the viscosities of the two flu
ids. Interfacial tension (or surface 
tension, if one of the fluids is air) 
along the interface opposes the insta
bility, because it attempts to reduce 
the surface area of the interface. Still, 
if the interface moves fast enough, 
the fingers form and grow. 

Saffman demonstrated the appear
ance of fingers with a vertical cell 
in which air overlay glycerin. The 
air served as the low-viscosity fluid. 
When additional air was forced into 
the top of the cell, glycerin was 
forced out of the bottom. The speed 
of the air-glycerin interface was high 
enough so that the interface devel
oped waves, which grew into fingers 
of air stretching down into the glyc
erin. Surprisingly, one finger soon 
dominated the pattern, with the oth
er fingers quickly becoming frozen 
in length. The width of the dominant 
finger eventually was half the width 
of the cell. 

I could replicate Saffman's experi
ment only crudely. To do so I filled 
part of my Hele-Shaw cell with corn 
oil and then stood it on end to drain 
the oil to the bottom. When the oil 
had settled, I laid the cell down on the 
table and partially opened the middle 
clamp on the side nearest me. The 
resulting sudden expansion of the 
space between the plates forced 
the oil to flow toward me, breaking 
up the oil-air interface into a series of 
short fingers. I also produced fingers 
of air in another experiment. With the 
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An arrangement for viewing a Hele-Shaw cell 

oil placed in the cell so that it sur
rounded the central hole, I inserted 
the tip of an eye-dropper tube into 
the hole and drew oil rapidly out of 
the cell into the tube. When the pe
rimeter of the pool of oil raced to
ward the hole, fingers of air formed. 

Earlier this year Tony Maxworthy 
of the University of Southern Califor
nia reported a related experiment. He 
partially filled a cell with silicone oil, 
rotating the cell to wet the entire in
terior. Then he stood the cell on 
end. When the oil had drained to the 
bottom and the oil-air interface was 
straight, he turned the cell over so 
that the oil was above the air. In some 
trials the final orientation of the cell 
was vertical; in others the cell was at 
various angles to the horizontal. 

According to Taylor's analysis, 
when the more viscous fluid is driv
en into the less viscous one, the inter
face is unstable only if it moves at a 
speed lower than a certain critical 
value. For each angle Maxworthy 
tried, the interface should move fast 
enough to be stable, and yet in each 
trial fingers of air reached up into the 
descending oil. Apparently when the 
cell was initially rotated into position 
for a trial, the interface began moving 
at a low speed, allowing the fingers 
to form. Once the speed exceeded 
the critical value, the stabilization of 
the interface tended to promote the 
growth of a few of the fingers while 
arresting the growth of the others. 
Eventually one finger dominated. 

When the cell was tilted from the 
horizontal by only a few degrees, the 
spacing between the fingers was 
wide and the dominant finger devel
oped only slowly. When the cell was 

vertical, the spacing between fingers 
was narrower and the dominant fin
ger grew rapidly; in addition the fin
gers split into smaller fingers, a proc
ess known as bifurcation. The split
ting is due to the high speed of the 
interface when the cell is vertical 
and to the narrowness of the gap be
tween the plates. 

The experiment is easy to do with a 
homemade cell. After placing the cell 
on end to drain corn oil to the bottom 
of the cell (the central hole was 
plugged), I inverted it. Waves and 
then fingers formed quickly. When 
the fingers of air began to bifurcate, I 
laid the cell flat and photographed 
the fingers. 

I repeated the experiment with oth
er liquids. One liquid was Slime, a gel 
sold in toy stores. Slime is a member 
of a peculiar class of liquids that is 
designated non-Newtonian. The vis
cosity of such liquids changes when 
the liquid is sheared or stressed; in 
Slime's case the viscosity increases. 
To the Slime I added an equal volume 
of water; I stirred the mixture and 
partially filled the cell with it. When I 
inverted the cell, the interface quick
ly developed fingers of air that were 
interspaced with narrow fingers of 
the mixture. The head of each liquid 
finger was a blob wider than the rest 
of the finger. Thick molasses yielded 
similar liquid fingers, except that the 
blobs were more pronounced and 
the fingers tended to pinch off after a 
while, releasing the blobs. 

In another series of experiments I 
injected dyed water into various liq
uids in the cell. The liquids included 
glycerin, corn oil and molasses. The 
dye was methyl violet, which I mixed 
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with the water. I filled the syringe 
with the dyed water, taking care not 
to draw air into the instrument. Then 
I injected the dyed water into the cen
tral hole (using the bent needle) or 
through the foam spacer along the 
perimeter (using a straight needle). 

When the dyed water is injected 
centrally, it spreads quickly to form a 
beautiful pattern with lobes that bi
furcate repeatedly; when the water is 
injected through the side of the cell, it 
forms a pattern that is similar but 
more like a fern. Lincoln Paterson of 
Geomechanics in Victoria, Australia, 
has recently studied the structures 
that form when dyed water is inject
ed into glycerin. He found that the 
size of the smallest features on the 
lobes is approximately four times 
the spacing between the plates of the 
cell. The dependence is due to the na
ture of the waves that develop on the 
interface between the water and the 
glycerin. The most unstable wave, 
which dominates the production of 
the lobes, has a wavelength that 
is about four times the spacing be
tween the plates. Water and glycerin 
are miscible, but their diffusion into 
each other is sufficiently slow so that 

the patterns form and then last long 
enough to be photographed. 

My best patterns appeared when I 
stood the cell on one end and inject
ed the dyed water through the foam 
spacer at the other end. After the wa
ter spreads, some of it falls through 
the glycerin, undergoing numerous 
bifurcations. 

Paterson also studied what hap
pens when air is injected into glycer
in from a central hole. In this case the 
fluids (air and glycerin) are immisci
ble. According to theory, an interface 
between immiscible fluids is unsta
ble only if the wavelengths of the 
waves at the interface exceed a lower 
limit. Initially the air bubble is a circle 
whose circumference is too small to 
support any wave with a wavelength 
greater than the lower limit. Only 
when the bubble grows larger does 
the interface become unstable. Then 
it blossoms into a flowerlike pattern 
with bifurcating lobes. I was able to 
produce such patterns by inserting 
the eye-dropper tube into the cen
tral hole of my cell and blowing air 
through it. The resulting patterns are 
difficult to photograph in glycerin, 
which is clear; they are more pro-

Initial 51 OW ... . " . '.' . . . .. . . ..•.• ' .... . . ::;;;10",;:;' i� ..•.... « ; ...• .. . . .
. \< · ..•............ 

One finger ' . . . . . 
gfOW6 ot the ... . . . . ' 
expen5e of : :'P.·· 

other finger::. � 

. .:...... '. .' '.. ',:/ 

High e,peed . .. .. · P • ••
•

•
• • • . ... ·. . i ... '.' '" ' j' ./ �t����ce: � ..... 

The growth of fingers in descending oil 

138 

. ... ': . ' ... .:.;,: :.: �" . ',;" 
"., . " 

Air 

nounced in colored molasses or vari
ous dark syrups. 

In 1985 Johann Nittmann and Ge
rard Daccord of Dowell Schlumberg
er in France and H. Eugene Stanley of 
Boston University reported that they 
had produced fractal-like fingers by 
injecting dyed water into an aqueous 
polymer solution. The fingers resem
bled the limbs of a bare tree, with 
short, narrow stems that jutted from 
main stems. The polymer solution 
was a polysaccharide with a high mo
lecular mass. Since the solution was 
aqueous, there was essentially no in
terfacial tension between the solu
tion and the injected water. Without 
that stabilizing factor the interface 
underwent abrupt changes in direc
tion, giving rise to the fractal pattern. 

Polysaccharides include cellulose, 
glycogen, chitin and starch. Attempt
ing to duplicate the fractal fingers, I 
investigated a solution of water and 
common cornstarch. The solution is 
non-Newtonian, its viscosity increas
ing under stress. When the solution 
was thick, I was not able to inject the 
dyed water into it. I was more suc
cessful with moderate cornstarch 
concentrations: the dyed water creat
ed fernlike patterns that had the 
same thick branches and wide bifur
cations I had seen in previous experi
ments. As I diluted the cornstarch so
lution more, the patterns became less 
interesting, until finally there was a 
simple ellipse. Various other starch
es yielded similar results. 

I fared better with a mixture of 
water and cellulose. (The cellulose 
is available from biological-supply 
houses.) When the concentration of 
cellulose is moderate, the injected 
dyed water forms fingers with abrupt 
turns-something like the patterns 
Nittmann, Daccord and Stanley pho
tographed but not as narrow. 

Casting about my kitchen for other 
materials, I decided to test a common 
gelatin dessert Oell-O brand). After it 
gelled, I spooned a small amount into 
the cell and gradually clamped the 
plates together, allowing the gelatin 
to ooze between them. Then I inject
ed dyed water through one edge. 
After a momentary hesitation, the 
water burst through the gelatin, cre
ating an elegant fractal pattern. 

I have only touched on the possi
bilities of the research that can be 
carried out with a Hele-Shaw cell. 
You may want to try your hand with 
other liquids. Perhaps you will find 
other common substances that yield 
fractal patterns. Since the field is far 
from having been fully explored, you 
may find entirely new patterns. 

© 1987 SCIENTIFIC AMERICAN, INC



The September/October 
AUDIO UPDATE™ presents . •• 

• CHOLESTEROL AND HEART DISEASE 
Claude Lenfant, M.D., Director, National Heart, Lung, and 
Blood Institute 

New evidence of decrease in risk after cholesterol 
reduction; dietary and pharmacologic treatment of 
hypercholesterolemia; developments in apolipoprotein 
gene research. 

• CANCER THERAPY AND 
MULTIDRUG RESISTANCE 
Michael Gottesman, M.D., Chief, Molecular Cell Genetics 
Section, Laboratory of Molecular Biology, National 
Cancer Institute 

Characterization of the gene conferring multidrug 
resistance; alternative strategies to standard chemotherapy. 

• RETROVIRUSES AND HUMAN DISEASE 
Myron Essex, D.V.M., Ph.D., Chairman, Department 
of Cancer Biology, Harvard University School of 
Public Health 

The HIVs, LAVs, HTLVs, and simian viruses: history and 
epidemiology; AIDS: speculation about insect vectors, 
cofactors, vaccines, and future developments . 

• ANTIMICROBIAL CHEMOTHERAPY 
Harvey B. Simon, M.D., Assistant Professor of Medicine, 
Harvard Medical School; Infectious Disease Unit, 
Massachusetts General Hospital 

Developments in the treatment of microbial diseases: 
monobactams, cephalosporins, quinolones, and 
other agents. 

• INFLUENZA OUTLOOK: 1987-1988 

Through interviews with leading authorities, the Audio Update'" casseHe 
series presents the latest developments in medicine. They'll discuss their 
research, findings, and conclusions, sharing with you their knowledge 
and insight. This unique resource goes beyond the wriHen te�t to give 
you the in-depth background on which the SCIENTIFIC AMERICAN Medicine 
updates are based. 

You can order single tapes or subscribe ... 

The yearly Audio Update ™ series consists of six tapes. A new 
tape will be available every two months. Timeliness and 
iInportance will determine the content of the tapes-our 
goal is always to bring you the latest developments by the 
scientists making them. 

A unique information program ... 
Use the Audio Update ™ tapes to enrich your basic 
knowledge. Journals, books, and seminars keep you 
up to date on the facts, but Audio Update T" gives you 
an extra benefit: the personal insights of these 
medical newsmakers. Their invaluable commentaries 
present the human implications as well as the 
scientific aspects of illness-the "art of medicine." 

Order your Audio Update T.M tapes individually or by 
subscription. Each tape costs only US$9.95. Or, save money 
with a yearly subscription of US$50-you'1l receive six bi
monthly tapes at a discount from the single-tape cost. (For 
prices outside the U.S. and Canada, see the coupon below.) 

Send for your Audio Update1"" tape today-and start listening to the voices of medicine. 
---------------- --------------------1 

�J:!�w:� � AUDIO UPD�!\'TE ' \\ A6 

MEDICINE ...-. n 41S Madison Avenue, NewYork,NY 10017 I 
YES, I want to hear the latest medical 
news-AUDIO UPDATE™. 
I'm ordering: 
o Single tape: send me the audiocassette containing the 

September/October program-I've enclosed my check for 
US$9.9S' Isingle orders require prepayment by check). 

o Subscription: start my yearly subscription with the September/ 
October program. I'll receive 6 bimonthly tapes for US$50' la dis
count from the single-issue price). 

o Check enclosed' 0 VISA o MasterCard 

Exp. date Account No. _________ _ 

Name _____________________ _ 

Address ____________________ _ 

________________ Zip Code ____ _ 

Specialty ____________________ _ 
·Pri(:es apply te) U.S. and (:anada. Please add sales tax f(},'()(:. IL. MAt MI, or NY. 
Allow two weeks fOT' your order' to ht-! processed. 

Priceg outside U.S. and Canada: Single tapc-US$ t!J; SuusCI'iptioll-US$7!J. 
Please make paylllcllt in U.S. dollar's. 

I 
I 
I 
I 
I 
I 
I 
I 
I © 1987 SCIENTIFIC AMERICAN, INC© 1987 SCIENTIFIC AMERICAN, INC



COMPUTER 
RECREATIONS 

Beauty and profundity: the Mandelbrot set 
and a flock of its cousins called Julia 

by A. K. Dewdney 

T
he Mandelbrot set, since its ap
pearance in these pages in Au
gust, 1985, has emerged as the 

newest and brightest star in the fir
mament of popular mathematics. It is 
both beautiful and profound. Indeed, 
the beauty of the Mandelbrot set is 
only a veil over its significance: the 
casual observer sees a miniature riot 
of filaments and curlicues near the 
set's boundary without suspecting 
that such patterns encode the vari
ous forms of chaos and order [see up
per illustrat ion on p age 142]. 

In the 1985 foray into the Mandel
brot set much was left unsaid. The set 
has an important connection with 
stability and chaos in dynamical sys
tems. The connection is made by 
way of closely related sets that are 
called julia sets, after the French 
mathematician Gaston julia. One ju
lia set corresponds to each point in
side (or outside) the Mandelbrot set. 

julia sets have an intrinsic fractal 
beauty of their own [see lower illustra
t ion on p age 142]. Before turning to 
them I had better review the set 
named after Benoit B. Mandelbrot, a 
scientist at the IBM Corporation's 
Thomas]. Watson Research Center in 
Yorktown Heights, N.Y. 

The Mandelbrot set inhabits the 
complex plane, an ordinary plane 
with some numbers attached to it. To 
be more precise, each pOint on the 
complex plane is represented by a 
number of the form a + b i. It does no 
harm to imagine that a and b are co
ordinates of the point. The a coordi
nate is called the real part of the num
ber a + b i  and the b coordinate is 
called the imaginary part. The i acts 
partly as a marker to remind the 
reader which part is which. Complex 
numbers can be added by summing 
the coordinates separately. The re
sult is a new complex number. Com-
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plex numbers are multiplied as they 
are in high school algebra: 

3 + 7 i  
X 2 - 4 i  

6 + 14 i 
- 12 i - 28 i2 

6 + 2 i  - 28 i2 

In order for the result to be a complex 
number, the term 28 i2 must be re
duced by using the most important 
property of imaginary numbers, 
namely i2 = - 1 . Thus 6 + 2 i  - 28 i2 

becomes 34 + 2 i. The key formula 
can now be presented. It opens the 
door to the Mandelbrot set, draws 
forth the julia sets and, in a peculiar 
way, brings order to chaos: 

Here z and c are complex numbers, 
each composed of a real and an imag
inary part. The z is squared and the c 

is added by means of complex multi
plication and addition respectively. 
The formula springs to life when it is 
iterated: computed repeatedly, with 
the previous value of z being used 
to get the next one. The resulting 
succession of complex numbers 
amounts to a strange little jig on 
the complex plane. At each iteration 
of the formula the newest complex 
number z lies at some distance from 
its predecessor. Distance is critical in 
computing the Mandelbrot set. 

I like to think of the succession 
of complex numbers (points on the 
complex plane) produced by the for
mula as the wanderings of the initial 
pOint. Does it long for infinity, long to 
dance ever outward on the complex 
plane? Some complex numbers enjoy 
that fate. Others are forever confined 

within a certain area having a com
plicated shape. They might be tailed 
prisoners. Their prison, the area of 
confinement, has fractal walls. 

In the foregoing description I have 
implied that the iterative process is 
repeated over and over again. But 
how is one to select c and the initial 
value of z? One answer is to make z 
always zero and to select different 
values of c. Will the prisoner escape7 
The experiment is repeated again 
and again, with c varying systemati
cally over a portion of the complex 
plane. If the prisoner escapes, color c 
white; otherwise color c black. The 
prison walls take on the shape of the 
Mandelbrot set. If instead of coloring 
the escapees white one gives them a 
color that varies with the speed of 
escape, even more beautiful images 
emerge. 

Under the rule just described, z 
started with the complex value 0, 
namely 0 + O i. What would happen if 
some other fixed starting value were 
adopted, say z = 3 .5 + 6i?Would one 
get a different shape for the resulting 
set? Actually the result is always a 
deformed version of the Mandelbrot 
set. One prefers the canonical object. 

Under the opposite rule, when c is 
fixed and z plays the role of initial 
point, the resulting set looks rather 
different from the Mandelbrot set. It
or rather its boundary-is called aju
lia set. I would have liked to say 
"the" julia set, but the sets are legion: 
for each fixed value of c one uses in 
the iteration formula, a new and dif
ferentjulia set appears, filled in with 
prisoners. 

My inspiration for this return visit 
to the Mandelbrot set lies in The Be au
ty of Fr actals, a large-format book by 
Heinz-Otto Peitgen and Peter H. Rich
ter of the University of Bremen [see 
"Bibliography," page 150]. With its 
stunning images in black and white 
and in color, it is both a mathematics 
textbook and a coffee-table adorn
ment. The lore of the Mandelbrot set, 
its associated julia sets and other 
complex systems is crystallized in 
theorems and occasionally spelled 
out in readable paragraphs. 

Let me describe the effect of one 
theorem. A reader who writes a pro
gram to display julia sets might no
tice that for some values of c the 
sets are obviously connected, or of 
a piece, but that for other values of 
c the sets are not connected. What 
makes the difference? The answer 
is both simple and charming: if the 
point cis chosen from inside the Man
delbrot set, the corresponding Julia 
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set is connected. If, on the other 
hand, [ is selected from outside the 
Mandelbrot set, the julia set for [ is 
not connected. 

One could make a fascinating mo
tion picture illustrating the applica
ble theorem. Draw a straight line [ 
from an arbitrary point inside the 
Mandelbrot set to another point out
side it and imagine that a point [ 
moves slowly and steadily along [, 
inside the Mandelbrot set and toward 
its boundary. The associated julia set 
becomes increasingly pinched and 
crinkled in appearance until, when [ 
reaches the boundary of the Mandel
brot set, the julia set shrinks to a frag
ile, dendritic skeleton enclosing no 
area whatever. As [ passes beyond 
the boundary, the corresponding ju
lia set explodes into fractal dust. 

Readers willing and able to write a 
program can explore the Mandelbrot 

set and the julia sets by embedding 
certain basic algorithms in the lan
guage of their choice. The algorithms 
share the core iterative process, 
which depends heavily on a certain 
theorem: if the size of the so-called it
erate z ever reaches 2, it is destined 
to leak into infinity, never to return. 
This distinguishes escapees from 
prisoners, for the most part. The al
gorithm allows 100 iterations for z to 
reach 2. Because a relatively small 
number of would-be escapees will 
not reach magnitude 2 by 100 itera
tions, the discriminant is not 100 per
cent accurate. One could, of course, 
allow 1 ,000 iterations for a slightly 
more accurate image, but this be
comes time-consuming even on fast 
computers. 

The magnitude of a complex num
ber a + b i  is simply the square root of 
a2 + b2, in other words, its distance 

from complex O. The core algorithm 
follows: 

n.-O 
while n < 100 and m ag (z) < 2 

Z.-Z2+[ 
n.-n+l 

color the current point 

Here an index variable n starts life at 
O. Within a while-loop that controls 
the iteration process, n increases by 
1 at each iteration. The while-loop 
continues to turn the crank of the 
basic formula as long as n has not 
reached 100 and the magnitude of z 
has not reached 2. If either condition 
fails, the algorithm exits from the 
loop. The manner of coloring the cur
rent picture point is left up to the 
reader. The color assigned will of 
course depend in some simple way 
on n, the slowness with which z es-

The Mandelbrot set rendered as a lake; the mountains represent the dynamics of the surrounding points 
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caped or failed to escape. The reader 
must also bear in mind that the pic
ture point is a pair of screen coordi
nates that will differ from the coordi
nates of the complex number being 
plotted there. 

The reader's program must contain 
a separate computation of the mag
nitude of z, represented by mag(z) 
above. Indeed, because most pro
gramming languages have no provi
sion for complex numbers, z must be 
retained in two-part form, say x (the 
real part) and y (the imaginary part); 
c must receive the same treatment, 
perhaps as a and b. The following 
would therefore be closer to a work
ing program: 

n.-O 
while n 

< 100 and x2 + y2 < 4 

xx.- x2 _ y2 + a 
y.-2xy+ b 
x.-xx 
n.-n + 1 

color the current point 

Astute readers will have noticed 
the small trick introduced in this 
version of the basic process: rather 
than comparing the square root of 
the quantity x2 + y2 with 2, the algo
rithm compares the quantity itself 

with 4 .  The result is the same, and 
one can avoid continually invoking 
the square-root function, which can 
be time-consuming. The variable xx 
temporarily holds the newly comput
ed x value while a new y value is be
ing computed. The old xvalue is thus 
saved for the latter computation be
fore it is replaced by xx. 

The program I called MANDELZOOM 
in my first foray into the subject two 
years ago is now reintroduced in 
slightly more detailed form. It wraps 
the basic algorithm inside a loop that 
systematically varies the complex 
number c rather than its parts, a and 
b. If the picture is to be 100 by 100 pix
els (grid points) in size, for example, 
there must be a double loop: 

gap.-side/lOO 
a.-acorner 
for j.- 1 to 100 

a.-a + gap 
b.- bcorner 
for k.-1 to 100 

b.- b + gap 
x.-O 
y.-O 
[basic algorithm] 

Before reaching these instructions 
MANDELZOOM allows the user of the 

The Mandelbrot set (left), a section of which (square) is magnified (right) 

Julia set (left) corresponding to center of picture at top right; magnified section (right) 
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program t o  input the complex num
ber that sits in one corner of the 
square of interest. It has the coordi
nates acorner and bcorner, the small
est values that a and b will assume in 
the square. This square, specified by 
the user of MANDELZOOM, gives the 
algorithm its name. It is a window 
through which we can peep. It can 
be made very, very small, in effect 
zooming us into the part of the set 
over which the window is placed. 
MANDELZOOM must also request the 
user to input a value for side, the 
width of the picture on the complex 
plane. The algorithm then computes 
the gap between successive complex 
numbers c, thereby giving proper in
crements to a and b. 

The values of the indices j and k do 
not enter any of the computations 
within the double loop, and so one is 
free to change the indices to some 
more useful form. For example, in
stead of j and k running from 1 to 100, 
they could run through 100 succes
sive screen coordinates each. When 
the basic algorithm has decided what 
color to assign to the iterate z, the col
or is plotted at coordinates (J,k). 

I cannot leave MANDELZOOM with
out mentioning a modification sug
gested by Peitgen. Instead of com
paring the magnitude of the iterate 
z with 2, use 100 or even 1 ,000. Once 
the magnitude reaches 2, after all, 
it increases very quickly; it attains 
such values in just a few iterations. 
Still, different iterates pass such a 
threshold value at different speeds. 
The speeds themselves can be col
ored-and colored continuously! Red 
may evolve into orange, provided 
one has a reasonably sophisticated 
palette. In any event, it was by means 
of this technique that the color im
ages accompanying this article were 
produced. Peitgen likens the speeds 
to values of an electrostatic field sur
rounding the Mandelbrot set. The 
"field" values are represented in the 
imaginary Mandelbrot landscape [see 
illustration on preceding page] as 
slopes of a mountain range surround
ing what can only be called Lake 
Mandelbrot. 

Although I am not enamored of the 
name, I feel compelled to follow earli
er usage and call the program that 
generates images of Julia sets jULIA
ZOOM. Here also we can zoom in on a 
set to examine it at great magnifica
tions. jULIAZOOM uses the same core 
algorithm as MANDELZOOM but wraps 
it in a somewhat different rind. 

jULIAZOOM first asks the user for 
xcorner, ycorner and side. It also asks 
for a value of c given in terms of the 
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variables a and b. It then employs the a 

same double loop with some impor-
tant differences: 

gap � side/100 
x�xcorner 
for j� 1 to 100 

x�x+ gap 
y�ycorner 
for k� 1 to 100 

y�y+ gap 
[basic algorithm] d 

b c 

e f 

The basic algorithm colors screen 
points according to the slowness 
with which iterates reach (or fail to 
reach) the magic threshold of magni
tude 2. Some of the most effective 
graphics result from the simplest as
signments. For color monitors even 
three colors assigned according to 
the following kind of scheme can be 
striking: assign the first color to 
points with a slowness value (n) of 
from 0 to 10, the second color to 
points with a slowness of from 11 to 
20, the third color to a slowness of 
from 21 to 30-and then go back to 
the first color for the next decade, 
and so on. Monochrome monitors 
can get black-and-white (or green
and-yellow) effects by using the two 
colors and alternating by decades. 

Six julia sets, some connected (a, b, c ande) and some not(d andf) 

Equipped with a working version 
of MANDELZOOM or JULIAZOOM (per
haps both), readers will be able to ex
plore these magnificent and mean
ingful fractal sets on their own. One 
can roam the complex plane in the 
vicinity of the sets or zoom in on 
specific parts with the computer mi
croscope provided above. Up to the 
limits of resolution set by the arith
metic precision of one's machine, ei
ther set reveals amazing detail. For 
the guidance of voyagers into the in
finitesimal world of fractals, the fol
lowing coordinate ranges enclose 
both kinds of set on all four sides: 

julia sets: x and yfrom -1.8 to + 1.8; 
Mandelbrot set: x from -2.25 to +.75, 

yfrom -1.8 to + 1 .5 

This past july I explored the sub
ject of chaos in dynamical systems 
such as pendulums and electronic 
circuits. A simple iteration formula 
involving not complex numbers but 
real numbers summarized the activi
ty of such systems: 

x� rx(l - x) 

The formula is evidently quadratic: 
multiplied out, it contains a squared 
term. Depending on how the parame
ter value r is chosen, the formula be-

haves simply or strangely when it is 
iterated. For each rvalue, the iterates 
settle down into an orbit, a set of val
ues that x systematically visits. At a 
critical value in the neighborhood 
of 3.5699 the iterates oscillate wild
ly and more or less unpredictably 
among a host of values. This cor
responds to the situation where an 
underlying system, whether dou
ble pendulum or electronic circuit, 
becomes completely stymied in its 
search for stability. It wanders wildly 
in a manner that cannot be predicted 
in advance. Chaos. 

A similar phenomenon occurs with 
the complex iteration formula de
scribed here, Z � Z2 + c. For a given 
value of c, however, there is more 
than one attractive orbit, depending 
on how the initial value of z is cho
sen. If z has a relatively small initial 
magnitude, it will gravitate to a spe
cific point. If the value is large, it will 
get larger without limit: infinity is the 
attractor. The specific point and in
finity itself constitute two separate 
one-point attractive orbits for points 
on the complex plane. The boundary 
between their domains of attraction, 
the julia set itself, is unbelievably 
crinkled and crumpled. It is also an 
orbit, but it is not attractive in the 
technical sense. Points already in 
the boundary hop about chaotically 
within it. The julia set is not easy to 
compute directly, however, because 
a computer's numerical precision 
may not allow one to specify pOints 
that are exactly on the boundary to 
begin with; under iteration the preci
sion degrades and the iterate wan
ders off into the night. 

Each possible value of c results, as I 
have indicated above, in a new and 
different Julia set. In a sense the Man
delbrot set summarizes, in one fell 
swoop, all possible julia sets. It de
scribes the fate of iterates of complex 
o for all possible values of c. For some 
julia sets the chaotic region is a mere 
treelike figure or even a symmetrical 
sprinkling of pepper. Readers will re
member that such julia sets corre
spond to c values on or beyond the 
boundary of the Mandelbrot set. 

I met Peitgen recently at a confer
ence in Asilomar, Calif. As we 
strolled along the beach between 
talks he described the Mandelbrot set 
as a kind of vast book in which each 
julia set is a mere page. From the po
sition of c in the Mandelbrot set one 
can predict the generic behavior of it
erates in terms of the overall shape 
and size of the associated julia set. 
There is more to it all than mere con
nectedness. For example, if c is cho
sen from the neck between the main 
body of the Mandelbrot set and one 
of its buds, the corresponding julia 
set turns out to be pinched into necks 
and buds of its own. The analogy of 
the Mandelbrot set as a kind of dictio
nary for the julia sets implies a funda
mental distinction between the two. 
The julia set is self-similar but the 
Mandelbrot set (even its boundary) is 
not. If it were self-similar, Peitgen ar
gues, it would not have the capacity 
to encode its uncountable infinity of 
relatives called Julia. 

There is much more of all this in 
The Beauty of Fractals. I am most 
grateful to Peitgen for providing the 
images illustrating this article. Not all 
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of them were produced in the ways I 
have described, but there are recipes 
in the book. 

As a final note about current re
search by investigators of dynamic 
systems, I shall mention one more 
object that lurks in higher-dimen
sional space: a monstrous object re
sulting from cubic iterations, with Z3 

rather than Z2 in the Mandelbrot for
mula. The object is four-dimensional, 
with tendrils curling off in inconceiv
able directions. Yet three-dimension
al cross sections of it can be comput
ed, such as the one below. 

T
he column on algopuzzles in 
June continues to draw mail from 

around the world. Last month's re
prise on the subject is continued this 
month as promised. Before plunging 
into the desert to reveal answers to 
the last two puzzles posed in the June 
column, I must correct myself on the 
subject of trains: Manuel Blum, a 
computer scientist at the University 
of California at Berkeley, has pointed 
out that the amount of work required 
for one train to pass another by 
means of the algorithm given is real
ly proportional to n3 (not n2), where n 
is the number of cars in the train. 

Roughly speaking, each of n cars is 
moved n units of length n times: Blum 
has found an algorithm that does the 
same job with an amount of work 
proportional to n2 X logn. Unfortu
nately there is no space here for 
Blum's algorithm. 

The first desert-fox problem con
cerned a truck that could carry one 
50-gallon drum of fuel at a time as 
well as the 10 gallons of fuel in the 
truck's tank. I showed last month 
that from a depot of two drums the 
truck could travel a maximum dis
tance of 733'/3 miles before running 
out of fuel. 

Algorithms submitted by Chester 
Nowogorski of Naples, Fla., and Nor
man Rokke of Wintersville, Ohio, in
dicate that a truck can use three 
drums of fuel to travel the grand total 
of 860 miles before running out of 
gas. Most readers attempting the feat 
came up short of this figure. Indeed, 
general formulas supplied by most 
readers also fell short when 3 was 
substituted for n, the total number 
of barrels employed. I cannot, there
fore, vouch for accuracy in formu
las such as the one sent by Law
rence Leinweber of Cleveland, Ohio. 
It was, however, typical of formulas 

A three-dimensional cross section of the four-dimensional Mandelbrot set 
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submitted that yielded the greatest 
distances: 

n 
5 

� 100 - � + 100 L 2i-l 2n-l 
i= 1 

The Greek sigma (L) symbolizes 
summation: form n terms with suc
cessive values from 1 to n substituted 
for i in 100/(2 i-I). Add all n terms to
gether and then multiply by 5. 

The second desert-fox puzzle al
lows a patrol car to refuel from n 
fuel depots placed at arbitrary points 
around a circular route to be fol
lowed by the car. The amount of fuel 
in each depot is also arbitrary, except 
that the total amount thus deposited 
is exactly enough for the patrol car to 
finish its route-provided it does not 
start at the wrong depot. Its own fuel 
tank will hold any amount of fuel but 
is initially empty. Where must the pa
trol car begin? 

A number of readers, including 
Arnold V. Loveridge of Long Beach, 
Calif., arrived at an ingenious visuali
zation of the problem. Take an imagi
nary tour with the patrol car starting 
at any depot and heading in any di
rection. Keep a graph of the fuel in 
the car's tank and keep driving even 
if the car runs out of gas. In this event 
the graph spills into the negative 
zone. With each refill at a depot the 
graph zigs up and then begins anoth
er long, slow decline. Ultimately the 
car returns to its initial point. The 
driver must now examine the graph 
and select the depot where the car's 
on-board gas was minimum (before 
refueling). That is the depot at which 
the car must begin. 

Chaos was probed by numerous 
people ready and willing to program 
the iteration formula supplied in the 
August column. In fact, a number 
of people, including Howard Mark of 
Suffern, N. Y., followed my suggestion 
of tracking the iterative process itself 
by weaving a mirrored web about a 
parabola. Here convergence of the 
process could be seen as the web 
wove itself into a stable shape. But in 
the chaotic regime it filled a portion 
of the screen with solid white, a con
fusion of squares that settled to no 
discernible pattern. Charles A. Plantz 
of West Brownsville, Pa., used his mi
crocomputer as a microscope, zero
ing in on the stirrup-shaped arc of the 
bifurcation diagram just above one of 
the chaotic regions. He found not the 
pepper and salt I would have expect
ed but folds and strata invading the 
texture of chaos. 
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BOOKS 
The prodigy wrestles the champ, the petroleum 

heresy, Stone Age cinema-on location at Lascaux 

by Philip Morrison 

RABI: SCIENTIST AND CITIZEN, by John 
S. Rigden. Basic Books, Inc., Publish
ers ($ 21.95). 

"Life in America is not so difficult. 
There any young man can become 
an assistant professor. " That was 
the prickly judgment of theorist Ar
nold Sommerfeld, whose renowned 
school in Munich turned out between 
the wars more physics Ph.D.'s than 
any other in Germany. We know the 
remark from one who himself came 
back from Munich and Hamburg and 
Leipzig, invited to Columbia Univer
sity in 19 29 as lecturer on the new 
quantum mechanics. That man was 
Isidor Isaac Rabi, 31. A celebrated 
young visitor, Werner Heisenberg, 
had impressed the Columbia chair
man by his big buildup for Rabi, then 
at work in Leipzig. Rabi's own high
ly original but quite unnoticed ex
perimental thesis at Columbia was 
three years behind him; the new 
Ph.D. had gone away to return with 
exactly what he had sought: "People 
of my generation went abroad ... and 
learned not the subject, but the taste 
for it, the style, the quality, the tradi
tion. We knew the libretto, but we 
had to learn the music." 

In Europe, Rabi had found himself 
side by side with other lively, eager 
and brilliant American advanced stu
dents, including Linus Pauling, Ed
ward Condon, Robert Oppenheimer 
and H. P. Robertson. Laboratory 
doors securely locked from seven to 
seven did not fit the American style 
of night work; Otto Stern, the direc
tor, generous, intuitive, full of in
sight, even approved breaches of 
the rule. Those Americans all came 
home to become young professors 
who knew the score. Under such 
leadership the new quantum phys
ics, nurtured by the experimental tal
ent and vigor then already at home in 
America, sang loudly. (True, there 
was other stimulation, not least of 
which was the diaspora of the Ger-
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man physicists themselves under the 
Nazi scourge.) Students of every gen
eration since have been able to catch 
the music of physics most sweetly 
here on American shores, although 
within the past decade or so the 
sounds from overseas are once more 
attractive. 

In a brief epilogue to this book, I. I. 
Rabi, reflecting on a long life in sci
ence, is cautionary, although he sees 
a ray of hope: "Physics is now a very 
mature science and may be losing 
its attraction to young Americans 
of eager minds .... In the twentieth 
century, physics begins to lose its 
hard, fructifying contact with the real 
world .... The wonderful phenomena 
and discoveries have been made 
hard to reach .... We can rely on no
body but ourselves to get out of this 
intellectual slump. We must start 
with our schools, the training of our 
teachers, and the restoration of our 
ideals of learning for its own sake." 

Rabi's rich career is easily period
ized. We meet a Brownsville kid in an 
Orthodox Jewish family, poor immi
grants from Galicia living in three 
rooms behind their grocery store. 
Soon he could read all the Yiddish 
books in his home. Schoolbooks 
were dull. A classmate brought news 
of the Carnegie Library branch; the 
boy haunted it, reading the chil
dren's books in order. He came at 
once to a little book on astronomy. 
There he read with wonder the story 
of the Copernican system. The child 
had watched the sky (once a rising 
full moon neatly aligned with the 
street "scared the hell out of me," he 
recalled ) and had long puzzled over 
the mystery and power of the days of 
Creation. His loving parents knew 
one answer only to his questions 
about dawn, dusk, the shifting form 
of the moon; all was done by God's 
untiring hand. That day he came 
back from the library, "full of de
light," and announced to his mother 

and father: "It's all very simple, who 
needs God? " 

He was a formidable kid. His room 
was soon filled with wireless gear; 
he built a noisy spark station, all 
his own work except for the head
phones. A magazine paid him two 
dollars for a piece on the design, writ
ten while he was still in grade school. 
The boy easily outtalked his pious 
family: his bar mitzvah was held not 
in synagogue but at home. His com
mentary in Yiddish to the old men 
who attended told "How the Electric 
Light Works." A brilliant if quiet stu
dent, he stood first in the State of New 
York on the Regents exam in history, 
yet he was also streetwise, skeptical 
and deeply proud of his culture and 
his gifts. He completed shop-cen
tered Manual Training High, where 
one "math teacher was marvelous," 
to win a scholarship, which with fam
ily help took him off to distant, ru
ral, liberal, scientific Cornell. He was 
graduated in chemistry; "unusually 
brilliant," a professor wrote in rec
ommendation. But his mind had nev
er been caught there. He spent three 
or four years doing odd jobs, read
ing and debating with fellow clever 
drifters. Still warmed by the faith 
and love of his puzzled family, back 
he went to Cornell as an ill-prepared 
but determined graduate student in 
physics. 

He stayed only a year, to return to 
Columbia, in part to follow one Helen 
Newmark, a Cornell summer student 
who had entered Hunter College. 
That year, however, had brought 
him an epiphany: "I was there and I 
had the feeling I was there." Physics 
was parsimonious, powerful, gener
al; it could carry him where his color
ful manganese solutions never went, 
into the heart of the atom, "nearer to 
God." " Somewhere way down, I'm an 
Orthodox Jew ... . Not religion in a 
secular way, but religion as inspir
er of a way of looking at things .... 
Choosing physics means, in some 
way, you're not going to choose triv
ialities .... When you're doing good 
phYSiCS, you're wrestling with the 
Champ." 

For a decade results grew in the 
frugal molecular-beam laboratory 
he created in 1931 at Columbia, each 
beam a tiny pure world where atoms 
travel one by one along alternative 
paths through the vacuum guided by 
cleverly manipulated electromagnet
ic fields. Hydrogen became the stuff 
to study; it was the simplest of sub
stances, simple enough so that ev
ery nuance. the delicate techniques 
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found could be analyzed. Rabi him
self was impatient, useless in the day
to-day work of the laboratory, even 
seen as hazardous to the equipment; 
his part was ideas, vision, explana
tions and inspired strategic choice of 
how to spend every hour and every 
dollar. He was the kind of boss who 
was present at every success, at 
whatever hour it came. 

The magnetic-resonance physics, 
innately quantum-mechanical, that 
arose then in Rabi's laboratory has 
by now spread past physics, to 
chemistry, medical diagnosis, atom
ic clocks. Presented here is a branch
ing tree of extensions, applications 
and insightful results in the field 
compiled paper by paper. The first 
was published before Stern's famous 
split-beam work (space quantization 
it was called in 19 24 ); the last report
ed the hydrogen radio-line studies in 
cosmic gas in 1958. There were about 
100 of them even at that time. The No
bel prize came to L L Rabi in 1944; 
he was then fully engaged by the 
war, both with radar and with the 
nascent bomb. 

Rabi never returned full time to the 
profound yet simple life of physicist 
wrestling with the angel. The beam 
laboratory flourished. Now he was 
department chairman; the anti- Sem
itism that had disfigured even the 
Ivy League had not survived the 
war that had turned Rabi into an in
ternational figure. He was both re
search director of the famous radar 
lab at M.LT. in Cambridge, and a val
ued adviser to the Los Alamos bomb 
laboratory headed by Rabi's lifetime 
friend, Robert Oppenheimer. (The 
contrast and the parallel between 
their characters and life stories make 
a fascinating topic for Rabi's reflec
tions.) With Oppenheimer he helped 
to originate the hopeful scheme of in
ternational control for all atomic en
ergy. He then conceived and argued 
for a great Federal laboratory that 
would of right be opened to physi
cists from all campuses, and there 
was Brookhaven. He envisioned and 
proposed at UNESCO a generalization 
of that idea: an all-European labora
tory. CERN came into being two years 
later at Geneva: "We have just signed 
the Agreement which constitutes the 
official birth of the project you fa
thered .... Mother and Child are do
ing well, and the Doctors send you 
their greetings," the European nego
tiators wrote him once the 11 states 
had signed in 1952. 

He submitted along with Fermi a 
report to President Truman, explicit-

ly citing moral arguments against 
building the H-bomb. After Sputnik, 
whose impact his committee had 
foreseen, he persuaded Eisenhow
er-they got along well-to set up the 
President's Science Advisory Com
mittee. It flourished under Ike; by the 
time of Nixon scientists critical of the 
war had assumed the appearance 
of adversaries rather than advisers. 
The PSAC never recovered its initial 
influence. For Rabi, a man of buoyant 
internal harmony, there could come 
no tragedy like Einstein's, a pacifist 
drawn into the most terrible of wars, 
nor Oppenheimer's, a man both laud
ed and persecuted for the same influ
ential service. 

The tragic element ofRabi's life is a 
potential one, a possible future that 
he shares with all of us, more keenly 
perhaps because more responsibly. 
"I don't mind dying. My ancestors did 
that. What I do mind is the destruc
tion of civilization." Our country ma
tured, kept free by the oceans from 
external military threat. "Every time 
a superior weapon is developed it 
turns us into a continental state .... So 
our policy should have been all along 
to get every arms reduction. Combat 
all arms as far as we could; this was 
our natural advantage. But after the 
Second World War we just became in
toxicated." The potion may be wear
ing off; hardware advantage seems 
more fleeting now, except perhaps 
from the windows of the Oval Office. 

The readable volume is not an 
autobiography, although it evokes 
one. Its physicist-author, John S. Rig
den of the University of Missouri at 
St. Louis, has talked so intimately 
with Rabi and his wife Helen that Rig
den has both cited and captured
and in his turn been enfolded in-the 
articulate, sharp, metaphorical tone 
of that wise old man. Background is 
sometimes filled in through less per
ceptive sources; critical examination 
of the man and the high events he re
counts is not absent, but in its for
bearance it too is more or less autobi
ographical. Read the book; both the 
questions and the answers will stay 
with you. 

POWER FROM THE EARTH: DEEP EARTH 

GAS-ENERGY FOR THE FUTURE, by 
Thomas Gold.]. M. Dent & Sons, Ltd., 
Aldine House, 33 Wellbeck Street, 
London WIM 8LX (£12.95), to be pub
lished in the U.S. by Harper & Row 
Publishers, Inc. 

. 

Everyone knows of the two classi
cal branches of chemistry, the inor
ganic and the organic. Once a great 

gulf parted them: the difference be
tween the living and the dead. Step 
by step that gulf has been bridged, 
until today the organic chemists 
think of their specialty as simply that 
of the myriad compounds of the cos
mically rather abundant light atom, 
carbon. No one is surprised any long
er by our synthesis of the Simpler 
substances of life. Nor is life the only 
natural source of such compounds. 
There is more alcohol-very dilute, 
to be sure-in a single interstellar 
cloud than in all our biosphere, and 
entire oceans of methane are found 
out among the giant planets and their 
moons. That sounds interesting, if ac
ademic; surely it bears on such pro
found questions as those of the origin 
and spread of life in the universe. In 
this tightly argued, quite nonmathe
matical book by Thomas Gold, one of 
the most original of today's natural 
scientists, the topic also grows into 
an issue of breathtaking practicality, 
easily tied to today's headlines. 

One single map here can make the 
case. It is a map of the Middle East, on 
which large and small black dots 
mark the 100 oil and gas fields that lie 
densely strewn along a narrow band 
lying roughly on the line of the Per
sian Gulf, extended 500 miles inland 
to southeastern Turkey. Below this 
area, about 2 percent of the earth's 
land surface, lies more than half of 
the recoverable oil. Oil and gas are 
hydrocarbons; we group them as fos
sil fuel, for they have long been held, 
with coal, to be the modified remains 
of buried past life. The local geologic 
settings vary greatly over the region, 
from flat deposits to folded moun
tains. They show a range of ages. The 
cap rocks that must seal every de
posit of such volatile fluids are not 
particularly good here; big seepages 
of bitumen are commonplace, an
cient. Those disparate reservoirs un
derground are brimful; this is a sur
plus of supply, not a matter of unusu
ally tight seals. The oils there show a 
"notable homogeneity," the authori
ties report, and are believed to have a 
common origin. Who could dissent? 
But what is that origin? The prevail
ing opinion is that the enviable ener
gy wealth of the Gulf region shows 
there must have been rich life there 
for a long time, cap rocks sealing 
huge masses of buried organic sedi
ment. It is the theory that oil comes 
from life that leads to the conclu
sions; here, Gold says, the inference 
is inverted. 

It is more natural to argue quite the 
other way. Hydrocarbons have no 
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major source within the life of the 
biosphere, this heresy maintains, but 
instead leak out almost everywhere 
from hundreds of miles down in the 
earth's mantle. Those deep sources 
flow generously below the Gulf re
gion for unknown reasons; the rath
er uniform material has filled every 
overlying trap, old or young, steep or 
flat, deep or shallow. Local context 
does not much matter; the phenome
non is regional, even global. The Per
sian Gulf is only the greatest of such 
examples; actually most petroleum 
provinces share the quality of inde
pendence from evident local causes. 
Ignorance cannot by itself much sup
port such a novel hypothesis; yet it is 
freeing to grasp that our rich geolog
ic knowledge of oil seems at least 
neutral on the origin of the largest 
find. Although on the whole the liter
ature is strongly on the side of oil 
from life, the Soviet experts lean the 
other way. 

There is not much doubt that hy
drocarbons were brought into the 
forming earth in quantity; the plau
sible models of planetary genesis 
agree, and the stuff is plentiful in the 
meteorites, which still bring a little in 
as carbonaceous chondrites. Better 
yet, carbon manifestly erupts from 
the mantle to the surface in the strik
ing form of diamond. Unoxidized car
bon has aggregated into pure crys
tals at mantle temperature and pres
sure, and rare samples have been 
swept upward in an explosive jet of 
gas within diamond pipes. A dia
mond pipe is a ferociously concen
trated cold gas volcano; we have 
never seen one erupt in our time, but 
they appear worldwide, during all 
geologic periods. There is plenty of 
carbon down there, enough to sup
ply the entire carbonaceous crust 
tens of times over, the ubiquitous 
limestones no less than the rare fuel
stuffs. Is it all oxidized? 

Light matter floats upward. Dia
monds rise with explosive gas volca
noes, fluid lava pours out in the famil
iar volcanic eruptions, and there are 
even mud volcanoes, mountain-size 
structures of mud built up from flows 
of fine sediments mixed with water. 
Lava volcanoes carry up steam and 
carbon dioxide gas. Mud volcanoes 
pour out methane instead. Gold pro
poses a unification: mostly it is meth
ane that originally outgases from the 
depths. When it rises in hot lava 
along with steam, the gas is oxidized; 
when it rises with cooler water, it 
mixes mechanically to yield mud, the 
methane remaining chemically un-
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changed. Sometimes volcanoes and 
even earthquakes are accompanied 
by gases that flame or explode when 
they reach the open air: more meth
ane. (A readable collection of anec
dotes renders this kind of event like
ly; the overall argument does not de
pend on the sometimes ingenuous 
but often persuasive evidence, quali
tative at best. ) 

The most interesting physical sto
ry here is of the mechanics of the 
flow of light fluid up through rock. It 
is important to recognize that gas or 
water in the pores of rock under high 
pressure must be almost in pressure 
balance with the rock. The pores do 
not close up; after all, the earth is a 
globe because the rocks below give 
way to the pressure. Was the gas 
of Mount St. Helens released from 
solution near the top, or leaked 
from deep below in open pathways 
through the melt? Earthquakes can 
arise both from the elastic failure of 
overstressed rock, as the wisdom of 
the day favors, and from the invasion 
of high-pressure gases to promote 
rock failure under stress, cracks that 
grow because gas pressure has bal
anced the healing compressive for
ces of the environment. 

There are more quantitative lines 
of discussion. The helium-nitrogen
methane ratios found in gas wells 
show order from this new point of 
view. The carbon-isotope history fits 
this way too. Even coal seams, hold
ing the big fossil cycads we have all 
admired, may well reflect less the 
growth and burial of a swamp than its 
posthumous enrichment by agelong 
flows of fluid hydrocarbons, cata
lyzed by the carbon already present 
into dissociation to leave more car
bon. Most coal fossils are in fact re
placement fossils. The nature of the 
complex processes behind coalifica
tion is still open. Quantity, howev
er, remains a stumbling block. Dia
monds run less than one gram to a 
ton of rock in the gemmiest of dia
mond pipes; if the pure carbon came 
up from the depths in pounds to the 
ton as cosmic abundance puts it, the 
case would be easy. 

Drill deep, says Gold, wherever 
you are! The gas is there; the eco
nomics depends on what cracks you 
reach. A huge meteorite-impact cra
ter lies buried under the granites of 
central Sweden; its trace is called the 
Siljan Ring. Around the ring are oil 
seeps, flammable gases in wells and 
gravitational signs of deep-lying po
rosity. All of this is in the ancient 
granite shield, where fossil life seems 

of no consequence. Hydrocarbons 
would have to come from deep be
low. Backed by Swedish and Ameri
can investments, a well is now being 
drilled some three to five miles into 
the Siljan Ring, the wildest of cats. Al
ready the signs show gas in amounts 
beyond any local origin; whether this 
first well will pay depends on the 
rock porosity at the depth reached. 

Will there be enough methane to be 
won in the first 10 miles or so of the 
upper mantle to fuel us all for centu
ries? No one can now say. The diver
sity of this ingenious theory prom
ises more even than gas strikes: a 
fresh grasp of the processes of the 
dynamic planet. The issue is joined 
in this even-tempered advocacy of a 
geochemical heresy; is all fossil en
ergy the delayed gift of our nuclear 
sun, or is some of it the reworked leg
acy of unknown parent stars? 

THE CAVE OF lAsCAUX: THE FINAL 

PHOTOGRAPHS, by Mario Ruspoli. 
Harry N. Abrams, Inc., Publishers 
($45). 

About 17,000 years ago the wide 
halls and low passages of the lime
stone cave of Lascaux were splendid
ly decorated; a few generations lat
er the Magdalenians abandoned the 
place. In 1940 its hidden art was dis
covered by four young men of the 
neighborhood; in 1963, although cel
ebrated, the cave was closed once 
again. Then a few years ago a par
ty of six men, led by Mario Ruspoli, 
a gifted filmmaker, shot under the 
most restrictive of conditions a full 
150 reels of 16-millimeter color film. 
Their aim was a comprehensive doc
umentation for the French Ministry 
of Culture: the first such cinematic 
monograph, its title Corpus Lascaux. 

Ruspoli became a devotee of pre
history during his years of work on 
Lascaux, supported by the active col
laboration of the archaeologist Andre 
Leroi-Gourhan, "my guide in the 
world of darkness. " Ruspoli died in 
1986, his book of the film still in 
press. More than an amateur's work, 
the book shines in vivid image and 
text from the experience of a visual 
artist deeply engaged within those 
fitfully lighted passages. 

That film was no easy location 
shoot. The crew was excluded ex
cept for the three spring weeks of 
lowest cave temperature each year 
from 1981 through 1983. They could 
enter the cave only two or three 
times a week, to shoot under "a dra
conian timetable " in sessions that 
lasted for only two hours. Light came 
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almost entirely from two hand-held 
100-watt battery-powered quartz lan
terns, plenty of photons for the Fuji
color film. Each take was filmed by 
two Aaton cameras simultaneously; 
the film was sent off each night to 
Paris for processing, and the rushes 
came back a day or two later. The fi
nal expertly edited work presents the 
entire cave in four two-hour silent 
shows, each a journey through one 
section of the cave and a long treat
ment of its decorations. It has been 
the basis for television films as well. 

Walking along the twisted, slippery 
paths intent on the images caught in 
their moving lights, the filmmakers 
were like the old artists with their 
dim oil lamps. "It became clear to 
us that the cave art at Lascaux was 
not made to be viewed like a series 
of fixed paintings, but as images in 
movement glimpsed by the Paleolith
ic initiates as they walked through 
the dark." One still picture shows 
paintings in a big chamber ahead so 
placed as to be seen with pleasing 
symmetry through the natural open
ing before entry, the light necessarily 
leading the visitor. At the Great Black 
Cow, in what is called the Nave, it 
was necessary to have three people 
holding the cameraman up on an 
awkward rock ledge, too narrow to 
allow distance from the image sur
face. The painters of the past must 
have had a platform resting on wood 
posts for the long, careful work they 
did there; some of the image was 
painted 13 feet above the ledge. (The 
floor level is unchanged. ) It is archae
ologically well established that wood 
scaffolding was set in the cave; holes 
made with flint picks are frequent in 
the walls, some still bearing the 
packed clay that helped to hold the 
pointed wood platform beams in 
place. Below in the debris on the floor 
lie the confirming lines of fallen tool 
flints and wasted pigment. 

Lascaux itself is no longer to be vis
ited; there will be none but fleeting 
and anxious inspections for the fore
seeable future. In 1963 the green dis
ease, a diatom-algal infection, seeded 
from the living world above by the 
trampling of 1,000 visitors a day, be
gan to overgrow the wonderful pic
tures. Antibiotics and formalin con
trolled it. But a white affliction could 
not be cured as easily. It was a miner
al disorder, the growth of opaque 
white calcite crystals over the pig
ment surfaces, induced by the in
crease in temperature, humidity and 
carbon dioxide that entered with the 
life and the breath of the public. Limi-

tations were tried; years of research 
were put in to seek the best preven
tives. There remained the responsi
bility of conserving a unique trea
sure visibly changing at a rate thou
sands of times higher than the rate 
during its solitude. The cave was per
manently closed. It is kept cooled, 
gently breathing, its deepest levels 
pumped free of carbon dioxide, all 
well guarded against seepage of wa
ter. So far that regime seems to work. 
Hence the strictures against the film
makers, who were to be the last per
sistent intruders. 

Stranger yet, the cave of Lascaux 
has in a way reproduced itself. A cou
ple of hundred yards from the en
trance, in an old quarry, Lascaux I I  
has been built as a tunnel into a huge 
blockhouse of concrete. The gallery 
walls of more than a third of the old 
cave have been modeled in three di
mensions, using precise stereopho
togrammetric data and a mechani
cal means of locating many points 
in space to guide teams of sculptors. 
They reproduced in a special mortar 
the natural relief of the cave interior 
accurate to a matter of inches. There 
are 500 tons of modeled concrete; on 
those shaped walls the main paint
ings of Lascaux have been devoted
ly reproduced in texture, color and 
form, even in technique, by the paint
er Monique Peytral. Since its comple
tion in 19 84, the facsimile has awed 
300,000 visitors each year "as if Las
caux had just reopened." 

The lamps of Lascaux are photo
graphed here: two or three candle
like flames burn together in a shal
low limestone cup on wicks of juni
per twig fed by the renal fat of ox or 
calf. Also shown is a perforated staff, 
apparently a straightener for rein
deer-antler weapons shaped by soak
ing and fire. The frequency and deco
ration of these specialized tools have 
long been a mystery; it now seems 
that a hunter would need to carry his 
personal tool, to keep the spearpoint 
true in changing weather. 

The rich images, the symbols and 
signs, the enigmatic scenes, the hints 
of the shaman are all clearly shown 
and discussed in brief, cogent essays 
particularly by the archaeologists 
Brigitte and Gilles Delluc, who also 
supply a fine bibliography. The enig
matic Unicorn closes their chapter. Is 
it a chimera? A lynx? A shaman in dis
guise? A portrait based on oral tradi
tion? "It is the symbol of all that we 
still do not know . . .  a trial attempt and 
at the same time a masterstroke by 
the earliest Magdalenians. " 
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