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Scientific Stu� Ranks 
NordicTrac #1 

In tests of exercise efficiency at a major 
university, NordicTrack burned more 
calories and provided greater aerobic 
workouts. 

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

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 
NordicTrack Would Get 
the Highest Scores 

• because NordicTrack is more complete 
than an Exercise Bike. 
Adds important upper body exercise. 
Provides more uniform leg muscle 
usage. 

• because NordicTrack is more thorough 
than a Rowing Machine. 
NordicTrack's resistance is proportioned 
according to the individual muscle 
strength-no major muscles are over-
stressed or under-worked. 

• because NordicTrack has inertial 
resistance not available on a 
Shuffle-Type Ski Exerciser. 
Other ski exercisers use less efficient 
frictional resistance with a resulting 
calisthenics-like feeling. NordicTrack's 
unique flywheel resistance for a life-like 
feeling of smoothness and continuity 
is matched on Iy by rea I ski i ng. 

Burns Up To 600 Calories per 
20 Minute Workout 

� 
Free Brochure, and New Video! � 

800-328-5888 
Minnesota 612-448-6987 
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141F Jona1han Blvd. N., Chaska, MN 55318 
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Master of Possibilities: David L. Wolper. 

Producer: Liberty Weekend, 
'84 L.A. Olympic Ceremonies, 
The Thorn Birds, Roots. 

"Substance is the difference 
between an extravaganza and 

a historical event. " 

The '84 Olympics and Uberty Week
end were more than just extravaganzas. 
They were a celebration of human values, 
captured in a universal outpouring of pride 
and spirit. It was the substance of these 
events that allowed us to not only celebrate 
history but to become a part of it. 

From a more personal perspective, I 
have found that substance makes the dif
ference in almost everything- even a credit 
card. That's why I carry a Gold MasterCard® 
card. Not only can I use it in more places 
than any other gold card, it provides me 
with guaranteed hotel reservations, easy 
cash access and emergency travel services. 
And with the amount of business travel I 
do, the substantial credit line has really 
come in handy more than once. 

Whether I'm celebrating my wedding 
anniversary with my wife, Gloria, or the 
anniversary of a country with millions, my 
Gold MasterCard makes anything possible. 

Master The Possibilities™ 
© 1987 SCIENTIFIC AMERICAN, INC



LETTERS 

To the Editors: 
Behaviorism has not "traditionally 

treated instinct as irrelevant to learn
ing," as James L. Gould and Peter 
Marler say in "Learning by Instinct" 
[SCIENTIFIC AMERICAN, January]. Sev
enty-nine years ago behaviorism's 
founder, John B. Watson, reported 
species differences in learning in "The 
Behavior of Noddy and Sooty Terns" 
and explained those differences as 
interactions between instinctive and 
learned behavior. He continued to 
study the relations between learned 
and unlearned behavior throughout 
his academic career. The leading be
haviorist B. F. Skinner has had a con
tinuing (but unrecognized) interest in 
innate behavior. His earliest papers, 
which appeared almost 60 years ago, 
were about innate factors in behavior; 
so is one of his most recent papers. His 
extended analysis of instinct and learn
ing, "The Phylogeny and Ontogeny of 
Behavior," appeared in Science more 
than two decades ago. 

The idea that all stimulus-response 
associations are equally open to condi
tioning was never tenable. Response 
preparedness has always been a con
cern in behaviorism. Watson studied 
burrowing and maze running because 
rats naturally do those things well. Be
haviorists make use of pigeon pecks 
not because they are easy to teach 
but because they come "ready-made." 
John Garcia did not deal a "severe 
blow" to "the idea that any perceptible 
cue could be taught. . .  as a conditioned 
stimulus"; he continued the behavior
ist tradition of careful, detailed analy
sis of factors affecting learning. 

Imprinting too is neither new to be
haviorists nor foreign to their thinking. 
Watson described it in 1908, Neil Pe
terson's classic study on the relation 
between imprinting and operant con
ditioning appeared in 1960, and be
haviorist journals continue to publish 
research on imprinting. 

The contrast Gould and Marler 
paint between ethology and a mythical 
and unrealistic "early behaviorism" 
creates ill will and misunderstanding 
and does nothing for scientific com
munication. Their "new synthesis" can 
work only if both behaviorism and 
ethology are recognized as important 
specialties, neither viewing learning 
and instinct as "diametric opposites." 

JAMES T. TODD 

University of Kansas 
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To the Editors: 
"Behaviorism" may mean different 

things to different people; our charac
terization, however, is well support
ed by textbooks and the writings of 
Watson and Skinner. For example, the 
most recent edition of the widely used 
text Introduction to Psychology, by Clif
ford T. Morgan and R. A. King, states 
that, in emphasizing learned behavior, 
behaviorism "denied the existence of 
instinct and inborn tendencies." Wat
son, in his enormously influential 
book Behaviorism (written long after 
his work on terns), summarizes his 
thoughts this way: "There are for us no 
instincts-we no longer need the term 
in psychology . . . .  Think of each 'un
learned' act as becoming conditioned 
shortly after birth-even our respira
tion and circulation." As for Skinner, 
he never mentioned instinct in his most 
important book, The Behavior of Or
ganisms. In Science and Human Behav
ior, however, Skinner does unburden 
himself on the subject, characterizing 
instinct as a "flagrant example of an 
explanatory fiction . . . .  an appeal to 
ignorance." 

It is difficult to see Garcia as a disci
ple of the behaviorists rather than a 
revolutionary, particularly in view of 
the initial reception of his work. He 
could as well be regarded as the object 
rather than the subject of the "severe 
blow" to which Todd refers. One less 
resilient than Garcia might have been 
discouraged by the repeated rejections 
of his papers by respected journals. He 
describes how the criticisms were of
ten "embellished with gratuitous per
sonal insults." Another commentator 
has recorded that "one investigator, 
who had worked for years on delay 
of reinforcement, remarked publicly, 
'Those findings are no more likely 
than birdshit in a cuckoo clock.' '' Gar
cia entertainingly described his en
counters with behavioristically mind
ed editors in his Distinguished Scien
tific Contributions A ward address to 
the American Psychological Associa
tion in 1980, which was titled "Tilting 
at the Paper Mills of Academe." It 
contains his account of the "fatal flaw 
that would ultimately dismantle Skin
ner's system"-hardly the sentiment of 
a disciple. We can only think that 
Todd must be mistaken when he de
scribes Garcia as continuing the be
haviorist tradition. 

We agree that the principles we at
tributed to classic behaviorism were 
never tenable; nevertheless, our survey 
of pre-Garcia psychology texts reveals 
that those were the precepts general
ly taught and, as we suppose, held. 
Todd's insistence on burdening mod-

ern psychology with the epithet "be
havioristic" seems ill-considered; we, 
like Morgan and King, put behavior
ism in the past tense (it is not even in 
the index of some present-day texts, 
such as Henry Gleitman's Psychology) 
and welcome the new synthesis that is 
now developing between ethology and 
modern psychology. 

JAMES L. GOULD 

Princeton University 
Princeton, N.J. 

PETER MARLER 

Rockefeller University 
New York 

To the Editors: 
The very interesting article "Leo

nardo's Contributions to Theoretical 
Mechanics," by Vernard Foley and 
Werner Soedel [SCIENTIFIC AMERICAN, 
September, 1986], suggests that Leo
nardo was concerned about the nonlin
earity of the bow. In fact, this is a great 
virtue of the bow's kinematics. Im
mediately after the bowstring is re
leased much of the stored strain ener
gy is converted into the kinetic energy 
of the bow tips. As the string straight
ens, however, the ratio of the velocity 
of the arrow to the velocity of the tips 
increases rapidly, so that eventually 
nearly all the kinetic energy is in the 
arrow. The energy is fed to the arrow 
by way of the string, which is actual
ly at a greater tension than it was at 
the corresponding point of the draw
ing action, because it is decelerating the 
tips of the bow. On the other hand, at 
the instant of release the tension in the 
string drops below that in a string 
drawn and held at the correspond
ing position because the bow tips are 
accelerating. 

Perhaps the most significant aspect 
of the article is its attempt to explain 
Leonardo's visual mode of thinking. 
The peculiar relation of design think
ing to drawing is hard to capture in 
words, and the authors have done well 
in this difficult interpretative effort. 

More studies of this kind would be 
most desirable, and they might help us 
to understand better the creative proc
esses of the human mind. Rough draw
ings and notes often contain evidence 
about those processes that is generally 
totally obliterated in formal papers. 

MICHAEL FRENCH 

University of Lancaster 
Lancaster, U.K. 
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PATENT #2,823,421 
HAS CHANGED THE W� YOU 

LOOK AT YOUR CHILDREN. 

If DuPont hadn't invented Mylar@polyester film, we might still 
be waiting for the videotape revolution to happen. You see, MYLAR is Patent 
#2,823,421. And today one of its most visible uses is in the videotape you use 
to record your child's first steps, graduation, or your own golf swing. 

But MYLAR is used in more than just videotape. It's used for 
computer tape and audio tape as well. It's also more than tape. It's used in 
floppy disks, printed circuits, wall coverings and food packaging. It's even the 
material that may help return the America's Cup - MYLAR is used in the 
new sails on American 12-meter yachts. 

Yet MYLAR is only one of more than 80,000 patents that DuPont 
has earned over the last fifty years: in health sciences, advanced electronics, 
transportation, agriculture, textile fibers, consumer and specialty products. 

And even more important than the number is the contribution 
these ideas make. The next time you look at an unforgettable scene of your 
children on videotape, remember, you are also looking at Patent #2,823,421. 

BETTER THINGS FOR BETTER LIVING. 

<[(JPD8J) 
RE:C; us ""'TaT'" OFf 
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50 AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

APRIL, 1937: "The vast empty 
spaces between the stars tempt the 
imagination. In overwhelmingly the 
greater part of interstellar space there 
is nothing that can be seen by direct 
observation. We know, however, that 
these open spaces are not altogether 
empty. Calcium and sodium had been 
known to be there, and it was recent
ly discovered that titanium is another 
constituent of the interstellar gas. It is 
probable, indeed, that many, if not all, 
kinds of atoms are represented among 
the population of interstellar space." 

"Molybdenum is a newcomer. It's so 
new that its name is strange to the lay 
world, yet it serves millions of con
sumers every day. Better automobiles, 
higher grade gasoline and lubricating 
oils and quality radio tubes are just a 
few of the essentials that molybdenum 
has made possible. It is recognized to 
be an exceptional alloying metal and 
an element having possibilities worthy 
of broad exploration." 

"Shore erosion has become an acute 
problem along the water fronts of the 
Great Lakes, where the advance of 
the water upon the land has averaged, 
over a period of years, as much as four 
feet annually. When most of the solid 
jetties built out from the beaches were 
wrecked, there was doubt about what 
to do next. It was then that a new type 
of permeable jetty was developed. The 
results have been astonishingly satis
factory." 

"When the data of sport are ex
amined with the critical and skeptical 
eye which is continually focused upon 
the data of science, it is found that 
athletic measurements have not been 
guarded by the scrupulous precautions 
against error that are commonplace in 
the laboratory. Among the numerous 
errors afflicting measurements in the 
field sports there is none which is more 
systematically committed than that 
which pertains to the variation in the 
force of gravity. Any reasonably good 
broad jump is three-eighths of an inch 
broader in Texas than it would be in 
Massachusetts. A further geophysical 
phenomenon with a small but notice
able effect upon athletic performan-
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ces is the rotation of the earth. To cor
rect the performance of, say, a dis
cus thrower for the effect of the earth's 
motion, it is necessary to take account 
not only of the latitude at which the 
throw took place but also of the direc
tion in which the implement moved." 

"It has taken about 110 years for the 
steam locomotive to develop its pres
ent effectiveness and capacity. With 
the advent of the electric locomotive 
and the beginnings of railway electrifi
cation 30 years ago it met its first com
petitor, and in the popular opinion of 
the day its doom was then sealed. To
day less than 2 percent of the locomo
tives in service in the United States are 
electric and the limitations of railway 
electrification are well understood. Its 
more recent rivals have not impaired 
its position, and the steam locomotive 
is to-day, and is likely long to continue 
to be, the power mainstay of railroads 
the world over." 

APRIL, 1887: "The mineral depos
its of the great West have for many 
years attracted a good deal of atten
tion. Besides the common minerals 
and compounds there are beds of pure 
white kaolin, mineral wax or ozoke
rite, borax, petroleum and bituminous 
coal. Sulphur is not recognized by text
books as existing to any extent in the 
United States, and yet, in the Territory 
of Utah, there is beyond doubt the 
richest and largest known sulphur de
posit in the world. It would seem by 
the extent and purity of this deposit 
that at some remote period the sulphur 
must have poured out in a molten 
mass and flowed like lava into the val
ley beneath." 

"M. Hermite, a French astronomer, 
has made some curious mathematical 
observations concerning the number 
of the stars. According to his compu
tations, the total number of stars visi
ble to the naked eye does not exceed 
6,000. An opera glass will bring out 
20,000; a small telescope will bring out 
at least 150,000, and the most pow
erful telescopes will show more than 
100,000,000. Using data derived from 
the magnitude of stars and the law of 
total luminous intensity, the astound
ing result is reached that the sum of 
all the stars down to the twentieth and 
a half magnitude is some 66 millions 
of millions!" 

"The electrical wires that now cover 
the roofs of almost every building in 
the large cities and cumber the streets 

have been the indirect cause of the de
struction of much property by most se
riously delaying and interfering with 
the firemen. The necessity for getting 
rid of this nuisance has caused inven
tive genius to devise means for accom
plishing this object. A recent proposal 
is an underground conduit. It consists 
of rectangular tubular blocks, about 
four feet in length and a foot square, 
that can be joined. The conduit pro
vides nine ducts, each of which will 
hold one hundred and fifty telegraph 
wires, or two hundred telephone wires, 
or seventy-five electric light wires." 

"The supply of the natural oil of 
wintergreen or birch will soon cease 
to be of any commercial importance, 
since the artificial product (salicylate 
of methyl) is now being prepared of 
such good and uniform quality that it 
will undoubtedly replace the natural 
oil. Moreover, the artificial article can 
be produced at a cost below that at 
which the natural oil can be distilled 
profitably. Here is a chance for Con
gress to repress the improvement, as in 
the oleomargarine case." 

"The Edison Company have closed 
a contract for electric lighting in To
kio, Japan. The central station will 
supply several thousand lights, a large 
number of which will be used in the 
Mikado's palace." 

"A decided departure from the ordi
nary type of weather vane may be ob
tained by following the construction 
shown in the accompanying engrav
ing. A hexagonal barrel, with sides of 
mirrors, is mounted on its axis, and a 
propeller or helix is connected with it 
at one end, whereby a rotary motion is 
imparted to the barrel by the action of 
the wind. Prisms are wired to the sides 
of the mirrors, which give to the rays a 
rainbow-like hue which is dazzling in 
the extreme." 

A Ilovel weather valle 
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The sensation 
between here 
and there. 

To satisfy those given to 
spontaneous fun often 
requires the most disci
plined patience. For proof, 
consider the Mitsubishi 
Montero. 

Montero's designed to 
give new freedom to your 
imagination. Patiently 
crafted with all the power of 
2.6 liters, the independence 
of both 2- or 4-wheel drive 
and plenty of room for all 
your cargo. Even if all you're 
carrying is an impulsive 
imagination. 

Montero's five-speed 
manual overdrive transmis-
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sion and fully independent 
front torsion bar suspen
sion help you navigate the 
shortcuts with confidence 
and ease. While its hefty 
all-terrain radials give you 
the ground clearance 
you need when you take 
the high road. 

Of course in town, 
Montero still knows how to 
be a perfect gentleman. 
Its ergonomically shaped 
interior includes reclining 
front bucket seats and 
plush carpeting. And to 
make sure that cruising 
downtown is just as easy 
as cruising the backroads 
Montero comes equipped 

s H 

with power assist steering 
and power assist vented 
front disc brakes. 

T he Mitsubishi Montero. 
With prices starting as low 
as $9889,* it's not only a 
unique experience but an 
exceptional value. Patiently 
crafted to transport your 
imagination from here to 
there ... even if there is 
nowhere. 
·Mfrs. Suggested Retail Price. Taxes, license, 

freight, options, other dealer charges extra 

Call 1·800·447·4700 for your nearest dealer. 

Mitsubishi. � 
Perfecti ng the . Experience:M 

M 0 N T  E R 0 
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You may be content with your pres
ent word processor. And it's easy to 
understand why. 
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word processor that is truly a complete 
document creation system for technical 
professionals. 

Very often documents require the 
mixing of text and graphics on the 
same page, graphics from Lotus® 1-2-3� 
Symphony® and Freelance® Plus. With 

Even the clumsiest word processor is 
light years beyond the electric typewriter, 
the accepted standard only a decade ago. 
Plus, just the term word processing con
jures up a rather modest expectation, 

Spreadsheets, 
graphs and charts 
jor 1-2-3'" and 
Symphony® can 
easily be mixed 
with text on the 

ho hum, the ability to process words. 
But, the mere processsing of 

words is hardly the challenge today. 
When you're creating a 20-page 
report, an SO-page proposal, a 200-
page specification, or just a 2-page 
letter, you often have to work with 
graphics, equations, tables and more. 

That's simply too much to ask of 
a product designed to process words. 
But, that's exactly what you can 
expect from Lotus Manuscript�" a 

same page. 

You can throw 
away your scissors 
and glue, cut and 
paste are a thing 
oj the past. 
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Manuscript you can import spreadsheets 
and charts, as well as diagrams and 
scanned images. 

Another feature that goes beyond 
conventional word processing is 
Manuscript's integrated Outliner. When 
you collapse the document you're 

able to navigate the outline much 
easier than wading through the 
entire piece. You can move a page, 
or even an entire chapter with just 
a few keystrokes. 

Because Manuscript understands 
the structure of your document, you 
can globally format an entire docu
ment or format by individual sec
tions. Imagine changing all headlines 
from 14 point plain text to 16 point 
bold, by a simple menu selection. 

Manuscript's Document Com-
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With our Document·. 
Previewfeature you • , '; .. " ', " .
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THE AUTHORS 
THEODORE B. TAYLOR ("Third

Generation Nuclear Weapons") is the 
president and chairman of NOVA, 
Inc., a company that does research and 
development in the field of renewable 
energy sources. He earned a B.S. in 
physics at the California Institute of 
Technology in 1945 and a Ph.D. in 
theor�tical physics from Cornell Uni
versity in 1954; in the interim he spent 
time at the University of California at 
Berkeley and at the Los Alamos Scien
tific Laboratory, where he worked on 
the design of nuclear weapons. From 
1956 to 1964 he was in the General 
Atomic Division of General Dynam
ics, and from 1964 to 1966 he was dep
uty director of the Defense Atomic 
Support Agency, which is now called 
the Defense Nuclear Agency. He went 
on to found the International Research 
and Technology Corporation. Taylor 
came to his present position in 1980, 
after spending four years as a visiting 
lecturer with the rank of full professor 
in mechanical and aerospace engineer
ing at Princeton University. 

JULIE L. SCHNAPF and DENIS 
A. BAYLOR ("How Photoreceptor 
Cells Respond to Light") have worked 
together since Schnapf was a postdoc
toral student in Baylor's laboratory 
at Stanford University. Before going 
there Schnapf got her B.A. at the Uni
versity of Rochester and her Ph.D. 
from Washington University; she also 
did postdoctoral work at the National 
Institutes of Health and the University 
of California at San Francisco. She has 
recently joined the faculty of U.C.S.F. 
as the Jules and Doris Stein Research 
to Prevent Blindness Professor. Baylor 
became interested in neurophysiology 
at the Yale University School of Med
icine, where he took his M.D. after 
graduating from Knox College. He did 
postdoctoral work at Yale, the Nation
al Institutes of Health and the Univer
sity of Cambridge and then joined the 
faculty of the University of Colorado 
School of Medicine in Denver. He 
moved to Stanford, where he is profes
sor of neurobiology, in 1978. In his 
free time Baylor enjoys woodworking 
and jogging and is an avid football fan; 
Schnapf says that her two-year-old 
daughter leaves her no free time. 

TORRENCE V. JOHNSON, ROB
ERT HAMILTON BROWN and 
LAURENCE A. SODERBLOM 
("The Moons of Uranus") are mem
bers of the Voyager imaging team. 
Johnson and Brown are planetary sci-
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entists at the Jet Propulsion Labo
ratory of the California Institute of 
Technology; Soderblom is with the 
U.S. Geological Survey's Branch of 
Astrogeology. Johnson did his under
graduate work at Washington Univer
sity in St. Louis and obtained his Ph.D. 
from Caltech. He is a senior research 
scientist at the J.P.L. and project scien
tist for the Calileo mission to Jupiter. 
Brown got his bachelor's and master's 
degrees in physics at Purdue Universi
ty and his Ph.D. in astronomy from the 
University of Hawaii. He has made ex
tensive telescopic observations of the 
Uranian moons. Soderblom received 
his undergraduate education at the 
New Mexico Institute of Mining and 
Technology and his Ph.D. in planetary 
science and geophysics from Caltech. 
He is a supervisory physical scientist 
in the Branch of Astrogeology of the 
U.S.G.S., and he is deeply involved in 
the upcoming Mars Observer mission. 

MARTIN S. HIRSCH and JOAN 
C. KAPLAN ("Antiviral Therapy") 
are associate professors at the Har
vard Medical School and also work at 
the Massachusetts General Hospital, 
where Hirsch is associate physician 
and Kaplan is associate bacteriologist. 
Hirsch's A.B. is from Hamilton Col
lege and his M.D. from Johns Hopkins 
University. He had postgraduate train
ing at the University of Chicago, the 
Centers for Disease Control in Atlanta 
and the National Institute for Medical 
Research in London. Hirsch has been a 
member of the Infectious Disease Unit 
at Massachusetts General since 1969. 
Kaplan joined the faculty of the Har
vard Medical School in 1971 after her 
postgraduate training there. Before 
that she had gone to McGill Universi
ty, where she got her B.Sc., and Bran
deis University, where she earned her 
Ph.D. in biochemistry. Kaplan's re
search has been in the areas of mam
malian DNA repair, the activation of 
viruses and AIDS. 

YOSHIHIRO HAMAKAWA 
("Photovoltaic Power") is professor of 
electrical engineering science at Osaka 
University, where he has been since he 
received his Ph.D. there in 1964. He 
has also been a visiting professor at 
the University of Illinois at Urba
na-Champaign, where he worked in 
the electrical engineering department 
and the materials research laboratory. 
Hamakawa's research centers on the 
physics of semiconductors, optoelec
tronics and solar photovoltaic conver-

sion, with particular emphasis on the 
optical properties and band structure 
of solids, optoelectronic devices, solar 
cells and amorphous semiconductors. 

MARK A. S. McMENAMIN ("The 
Emergence of Animals") is assistant 
professor of geology at Mount Hol
yoke College. He did his undergradu
ate work in geology at Stanford Uni
versity and then worked for five years 
for the U.S. Geological Survey. His 
Ph.D. is from the University of Cali
fornia at Santa Barbara. He has done 
geological fieldwork in a number of 
places, including Alaska and Sweden. 
McMenamin's principal avocational 
interests are computer programming, 
biodynamic-French intensive garden
ing, cross-country skiing, bicycle tour
ing, hiking and "roughhousing with 
my children." 

SINY AN SHEN ("Acoustics of 
Ancient Chinese Bells") is a physicist 
at the Argonne National Laboratory, 
where he is research leader on materi
als, fuel from renewable resources and 
industrial acoustics. He was graduated 
from the University of Singapore and 
went to Ohio State University for his 
master's degree and Ph.D. He is the in
ventor of a damper for bowed string 
instruments and holds patents on son
ic detectors for industrial applications. 
In addition to his research interests, 
which include work on novel structur
al materials and on the conversion of 
biomass, he is deeply involved in the 
diffusion of new technology, serving 
as an adviser on the topic to govern
ment agencies, industries and interna
tional organizations. Shen is president 
of the Chinese Music Society of North 
America. 

NICHOLAS TOTH ("The First 
Technology") is assistant professor of 
anthropology at Indiana University 
and with his wife, Kathy Schick, now 
has plans to establish a Center for Re
search into the Anthropological Foun
dations of Technology there. He be
came interested in the study of human 
origins as a youth and went to Miami 
University and Western College in 
Ohio for undergraduate training in an
thropology and archaeology, graduat
ing in 1974. He did graduate work in 
prehistory at the University of Oxford, 
participated in the Flintknapping 
Fieldschool at Washington State Uni
versity in 1978 and earned his doctor
ate (which was in anthropology and 
Old World prehistory) from the Uni
versity of California at Berkeley in 
1982. It was while Toth was at Oxford 
that he began to experiment with mak
ing and using stone tools. 
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Hitachi's advances in medical electronics extend to automatic blood 
chemistry analysis, a Picture Archiving and Communications System, 
diagnostic ultrasonics and Magnetic Resonance Imaging. 
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Medicine should be more than the ability 
to treat or cure. The best care and treatment come 
from precise diagnosis. 

Medical electronics have brought 
marvelous progress to diagnostic medicine 
in recent years. Great strides have been 
made in biochemical analysis, electron 
microscopes and medical information sys
tems. Another shining example is the 
advent of imaging equipment which uses 
magnetic resonance to display even the 
most subtle changes in body chemistry. 

Hitachi's scientists and engineers are 
now at work on an innovative system which 
will make it feasible to store, retrieve and 
use comprehensive diagnostic data from a 
wide array of imaging equipment - from 
the most sophisticated Magnetic 
Resonance Imaging units (MRI) to nuclear 
medicine, ultrasonic scanners and X-ray CT, 
to name just a few. This Picture Archiving 
and Communications System (PACS) 
should lead not only to more precise 
diagnosis but also to formation of research 
and education information networks which 
use medical image data to the fullest. 

Hitachi is also developing highly 
advanced electronic microscopes for ex
ploring the world of micro-fine objects
indispensable in basic studies of medicine 
and biology. And we are creating medical 
equipment such as an automatic blood 
chemistry analyzer and an information 
processing system. 

We link technology to human needs. 
We believe that Hitachi's advanced tech
nologies will result in systems that serve 
peoples' needs more precisely and fully 
than ever before. Our goal in medicine
and communications, energy and 
transportation as well - is to create and put 
into practice innovations that will improve 
the quality of life the world around. 

• HITACHI 
Hitachi, Ltd. Tokyo • ..Japan 
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COMPUTER 
RECREATIONS 

The sound of computing is 
music to the ears of some 

by A. K. Dewdney 

I
t was in 1965 that I first heard the 

sound of computing. An IBM 
7090 at the University of Michi

gan Computing Center had been fitted 
with a simple electromagnetic pickup 
connected to a loudspeaker. As a com
puter program ran, a specific register 
in the machine changed its contents 
many thousands of times per second. 
The resulting pattern of miniature 
clicks was heard as an astonishing rush 
of alien sound that alternated among 
buzzing, screaming, burping, rumbling 
and whining. At times a grinding noise 
would change from bass to treble. This 
may have been the sound made by a 
double loop in the program; perhaps 
the inner loop executed ever faster, 
creating a tone of increasing pitch. It 
all sounded like a humpback whale. 

The experience has suggested a vari
ety of programs that explore aspects of 
melody, harmony and rhythm. Even 
though home computers do not nor
mally come equipped with electro
magnetic pickups poised over accu
mulator registers, the majority have 
small loudspeakers connected to a 
primitive tone generator. There are 
instructions in most popular comput
er languages that call forth a variety of 
sounds when they are executed. Such a 
simple facility can be exploited both to 
make programs audible and to make 
audible programs. In the former case 
a sound-generating instruction is add
ed to a program originally intended 
for computational purposes. I shall 
discuss this topic briefly below. In the 
latter case a program is deliberately 
constructed to produce melodic, har-

Note 

Frequency 

monic or rhythmic effects. Two of the 
programs described here resemble the 
former kind; a few sound-generating 
instructions are inserted in otherwise 
normal-looking code. 

Melody, considered merely as a suc
cession of notes, is easily generated by 
a program. In fact, the program can 
consist of a single loop. A decision 
process embedded in the loop decides 
what note to play next and how long it 
should be played. The process itself 
may be arbitrarily complicated. For 
all I know there are already programs 
of this type that generate convincing 
melodies in a given traditional style. If 
such programs exist, I should be glad 
to hear of them. In the meantime I 
shall take the tack of letting available 
algorithms shape the melody. 

The humblest applicants for the job 
of melody maker are simple arithmet
ic algorithms. The numerical output 
of such algorithms is easily converted 
into notes under an enormous varie
ty of possible encodings. The simplest 
of the encodings uses the linear con
gruential assignment, a process that is 
shorter than its own name: 

x<-(aox+ b) modm 

Here, when one specifies the parame
ters a, b and m in advance, an initial 
value of the variable x is converted 
into a succession of values by the con
tinued iteration of the assignment. The 
expression "mod m" is an abbrevation 
for "modulo m," which means that the 
number computed inside the brackets 
should be treated like the hours of an 

Frequencies of notes above or below this octave are obtained by multiplying or dividing by 1.05946 and 
rounding off as appropriate. The number is 'w' the twelfth root of two. 

Frequencies of the semitone scale from middle C to one octa,'e above middle C 

14 

m-hour clock. For instance, 10 modulo 
8 equals 2. Thus if m is 8 and if a, band 
the initial val ue of x are all integers, 
one obtains a sequence of numbers 
ranging between 0 and 7. 

The resulting sequence of numbers 
is readily converted into a succession 
of notes by a simple table: 

0 1 2 3 4 5 6 7  
do re mi fa sol la ti do 

In the program I call SOLFEGGIO (from 
the practice of sightsinging) the quan
tities symbolized by the names of the 
notes are replaced by the frequencies, 
in cycles per second, of the C-major 
musical scale beginning at middle C: 

0 1 2 3 4 5 6 7  
262 294 330 349 392 440 494 523 

The complete program can be sum
marized in the usual algorithmic form: 

input a, b, x 
for i= lto100 

x<-(aox+ b) mod8 
note <-notes (x) 
play note 

In my version of SOLFEGGIO the num
bers in the table called notes are em
ployed directly by the instruction that 
generates a tone of the appropriate 
pitch. Most languages also allow the 
duration of the tone to be controlled. 
For the present it will suffice to set the 
duration to, say, half a second. 

A world of maniacal melody now 
awaits those with an "ear" for arithme
tic. Depending on what numbers are 
selected for the three parameters, one 
hears either boring staccato monodies, 
odd, repetitive melodies on a few notes 
or strangely wild music full of leaps 
and sudden runs. In the last category 
I have been caught short on occasion 
by not having made a note of the pa
rameters responsible for a haunting 
little piece forever lost. The algorithm 
I have suggested produces melodies 

100 notes long. Explorers of this new 
musical terrain may wish to shorten 
the length in order to investigate more 
possibilities. 

SOLFEGGIO can and should be en
hanced. Choose a larger value for the 
modulus m, large enough to embrace 
two or more diatonic octaves. There is 
no modal restriction as such; instead 
of diatonic scales one can choose 12-
tone scales consisting of half-note 
steps. One can even choose the ultra
modern form of linear-congruential 
music in which the numbers x pro
duced by the algorithm specify fre
quencies more directly by the addition 
of a constant, say 100. If at one point 
x is 183, then 283 is the frequency of 
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Buicks are so good at 
the extras because they're 

so good at the essentials. 
When you drive one of 

today's Buicks, you will not only 
feel comfort and convenience, you 
will experience a rather special 
sense of solidity. 

That is because true lUXUry 
cannot be added on. Buicks are 
designed from the ground up to be 
solid, quiet, reliable. And while the 
perfect car has yet to be built, 
Buick has been working diligently 
on the things that really matter. 

For example: 

Quality to see, 
touch and sit in 

The first thing you notice in a 
Buick is room. Comfortable, 
grown-up room. The Park Avenue 
here has room for six adults. 

The next thing you notice is 
the lUXUry. Deep, rich carpeting. 
Handsome velour or available 
genuine leather in seating areas. 
An automatic leveling system to 
keep you on the level when the car 
is loaded with luggage and 
people. 

Park Avenue also 
has such amenities as 
air conditioning, tilt 

E3 u 

steering column, even a seek and 
scan Delco ETR AM-FM stereo 
sound system with clock. 

Durability. 
because it's a long, 
hard road out there 

Some of the things you do 
not want when you're traveling on 
rough roads are rattles, squeaks, 
and the disconcerting feeling that 
your suspension is adrift on the 
bumps like a boat in a heavy sea. 

Buicks are built to resist all 
that with a combination of tech
nology and tender, loving care. 
More than 2,500 welds in a Buick 
Electra body are done by robots. 
But primer coats are wet-sanded 
by hand and critical joints are filled 
with silicone bronze and hand 
finished. 

As for handling, the road of 
life has its share of potholes, 
washboards and bumps. But it 
also has an occasional sweeping 
curve, long empty stretch or 

Where better really matters. 

twisting, tree-lined lane. Buick is 
prepared to deal with it either way. 

Reliability 
you can count on 

When the weather is grim, 
your automobile ought to shine. 
Buick's solid-state sensors "feel" 
the weather and adjust ignition 
timing, fuel mixture and other 
functions to make it that kind of 
automobile. There's even an 
electronic anti-lock braking system 
available on Electra and LeSabre 
to help make stopping smooth and 
controlled, even in rain or snow. 

Reliability starts at the factory. 
But, with Buick, it continues to 
happen at the dealership. After 
over a hundred inspections during 
assembly, and after your dealer 
has completed an 87-item "Letter 
Perfect Delivery" inspection, you 
become the final inspector. 

Buckle up and see your 
Buick dealer for a test drive. 

For more information, a 
brochure or a test drive, call: 
1-800-87-BUICK (1-800-872-8425). 

� 
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the note the program will play. I won
der what other possibilities the read
er might invent. In the meantime here 
is an interesting question about bore
dom. For given values of a, b and m, 
how many notes will be played before 
the melody begins to repeat itself? 

Harmony is now within the vocal 
competence of many home comput
ers. Those equipped with two or more 
speakers will be able to play the entire 
repertoire generated by a program I 
call CANON. Indeed, a few enthusiasts 
will undoubtedly carry the project 
much further. Some readers may al
ready have acquired a MIDI. The ac
ronym stands for Musical Instrument 
Digital Interface, an electronic black 
box that converts signals generated 
by one's computer into commands for 
electronic instruments such as musical 
keyboards and individual synthesizer 
channels. (Readers interested in learn
ing more about MIDI may write the 
International MIDI Association, 12439 
Magnolia Boulevard, Suite 104, North 
Hollywood, Calif. 91607. ) 

CANON generates two-part harmony 
involving two almost identical melod
ic lines. Rounds such as "Row, Row, 
Row Your Boat" and "Frere Jacques " 
exemplify the type if not the species. 

CANON generates a canon in the aca
demic tradition known as first-species 
imitation, the first stage in the serious 
study of counterpoint. 

Such a harmony has two melodic 
lines that satisfy four criteria. First, all 
notes have the same duration. Second, 
one line begins after the other. Third, 
both lines are identical except that 
one line is transposed upward by some 
standard musical interval (unison, per
fect fourth, perfect fifth or octave). 
Fourth, the two lines together must 
satisfy, note for note, certain rules of 
first-species imitation. All the rules are 
found in standard texts. Such rules 
generally include the allowed note
for-note harmonic intervals [see illus
tration on page 18] and establish the 
shape of participating melodic lines. In 
the interest of simplicity the latter has 
been omitted. 

An example of a harmony in first
species imitation is shown in the upper 
illustration on page 20. The example 
was written by a human being, not by a 
machine. A glance makes it plain that 
after a certain point the composer tires 
of the strenuous demands imposed by 
all four criteria. Rule three is usually 
the first to go; it is enough if the second 
line imitates the first in spirit only. 

>-

ROCK: II: 3 fJ 
>-

� lJ3JjJ �J � � CYMBAL :11 SNARE DRUM 
BASS DRUM 

REGGAE: II: 

1 0 1 0 1 0 1 0 1 0 1 
0 0 0 0 1 0 0 1 0 1 0 
1 0 1 1 0 0 0 0 1 0 1 

:> :> >-

.� � � m 
1 
0 
0 

0 1 0 0 1 0 1 0 
1 0 0 0 0 1 0 1 0 
0 0 0 1 0 0 0 0 0 0 

3 3 3 3 

0 1 0 1 
0 1 0 0 
1 0 1 0 

:> 

Q 
0 1 0 1 
0 0 0 0 
0 0 0 

0 
1 
0 

0 
0 
0 

CYMBAL 

SNARE DRUM 

BASS DRUM 

HI HAT 

:11 SNARE DRUM 
BASS DRUM 

HI HAT 

SNARE DRUM 

BASS DRUM 

JAzz: llffi G3 ill fJ} CYMBAL 
SNARE DRUM 
BASS DRUM 

1 0 0 1 0 1 0 0 0 
0 1 0 1 0 0 1 0 1  

SAMBA: lid 
1 
0 
1 
0 

0 0 0 0  0 0 0 0  

J d j j J j j 13 ,J j 
1 0 1 1 0 1 1 0 1 1 
0 1 0 0 1 0 0 0 0 
0 0 1 0 0 1 0 0 
0 0 0 0 0 0 0 

1 CYMBAL 

o SNARE DRUM 

1 BASS DRUM 

3 j ,J j � SNARE DRUM :11 SNARE DRUM RIM 
BASS DRUM 
HI HAT 

0 1 1 0 SNARE DRUM 

0 tl 1 0 SNARE DRUM RIM 

1 0 0 1 BASS DRUM 

0 0 0 0 HI HAT 

Four sample rhythms for BEAT 
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A computer program, on the other 
hand, is undaunted by the constraints. 
CANON will grind on tirelessly until 
an entire piece is generated. The usual 
output of the program is tedious, how
ever. To avoid this problem I have 
generated a great many short canons 
and have catalogued the more interest
ing ones. Some of these may then be 
strung together to make longer pieces 
[see lower illustration on page 20]. The 
experiment was done a decade ago 
with the assistance of Gregory Utas, 
one of my students at the University of 
Western Ontario. 

CANON counts its way into a piece. 
Suppose, for example, it has been told 
to generate a miniature canon six notes 
long. For reasons that will soon be ob
vious, the tonal range spanned by each 
musical line is small, say six chromatic 
steps up and six steps down from the 
tonic, or beginning note. The set of 13 
possible notes can be thought of as dig
its in a base-13 number system. The 
digit 0 represents the tone six steps be
low the tonic and the "digit" 13 repre
sents the tone six steps above. CANON 
proceeds quite simply by counting its 
way through all six-digit base-13 num
bers. Each one, after all, encodes a 
melody of a kind. 

Every time CANON generates a new 
melodic line it makes a copy, trans
poses it upward by a fifth and trans
lates it forward by a specified number 
of notes, say two. It then compares the 
pairs of notes brought into temporal 
juxtaposition by the operation. If none 
of the resulting pairs violates the rules 
of harmony, the line is accepted as ca
nonic and is either printed out directly 
to the waiting composer or saved in a 
file for later printing. 

In particular, CANON requires that 
the composer specify three parameters 
before running the program: int, the 
interval of imitation, del, the delay in 
starting time for the second melodic 
line, and num, the number of notes in 
each line. The notes of the line being 
generated are stored in an array called 
melody, or mel for short. Here is an al
gorithmic outline of CANON: 

input int, del, num 
mel(l)<-7 
for i = 2 to num 

mel (i) <-1 
found <--- false 
whilefound false 

increment mel 
for j = 1 to num - del 

compare mel(j) and 
mel(j + del) + int 

if harmonious then found <- true 
output mel 
option to continue 

The algorithm starts by assigning to 
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MACSYMA solves mathematical problems symbolically. 
Just as computers revolutionized numerical analysis, MACSYMA automates 
symbolic mathematics and yields enormous improvements in speed, 
accuracy and modeling power. 
If you work with quantitative models 
in scientific or engineering dis
ciplines, MACSYMA can increase 
your modeling power. MACSYMA 
combines symbolic and numeric 
computation. And enables you to 
accurately manipulate symbolic 
expressions in a fraction of the time 
required manually. 

Wide range of capabilities 
MACSYMA offers the widest 

range of capabilities for symbolic 
computations in applied mathe
matics of any commercially available 
program. For example: 

Algebra: MACSYMA can manipu
late large expressions, expand, sim
plify and factor expressions, handle 
matrices and arrays, and solve 
systems of equations. 

Calculus: MACSYMA can dif feren
tiate, perform definite and indefinite 
integration, take limits, expand func
tions in Taylor or Laurent series, solve 
dif ferential equations, and compute 
Laplace transforms. 

Numerical analysis: You can perform 
numerical analysis using MACSYMA® 
language, compute with arbitrary 
precision arithmetic, use a library of 
numerical analysis routines, and 
generate FORT RAN code. 

Graphics and interfaces: 
MACSYMA can generate report
quality graphics in 20 or 3D, with 
perspective, hidden line removal, and 
captions. MACSYMA also interfaces 
with the mathematical text processors 
'TeX' and 'troff'. 

Broad base of applications 
T hroughout the world thousands 

of scientists, engineers and mathe
maticians are using MACSYMA in 
such diverse applications as aero
nautical design, structural engineer
ing, fluid mechanics, acoustics, CAD, 
electronic and VLSI circuit design, 

Problem: solve the differential equation: 

dY 
dT + y1 + (2T + 1) Y + P + T + 1 = 0 

subject to the condition that Y(l) := 1. 
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mel(I), the first note of the canon, the 
value 7. This is the tonic note, and it 
will not change. The remaining entries 
in mel all start at the value O. A while 
loop tests a Boolean, or logic, variable 
called found, which is initially set false. 
Found is made true if a valid canon
ic melodic line is discovered by the 
instructions in the body of the loop. 
First, the array mel is incremented. 
This can be done by scanning the ar
ray from right to left. In the process 
of scanning, the counting procedure 
looks for an array entry that is less 
than 13. On finding such an entry, it 
adds 1 to it and changes all the entries 
to the right (if there are any) to O. This 
is precisely what happens in ordinary 
counting, where 9 replaces 13. For ex
ample, 3572 + 1 = 3573,3579 + 1 = 

3580 and 3599 + 1 = 3600. 
The next job of the loop is to com

pare each note mel(j) with the note 
mel(j + del) + into In other words, 
the program adds int to the note that 
is del notes after mel(j) and looks up 
the difference of the two note values 
in the table of rules for first-species 
imitation. If the difference is consid
ered harmonious in all cases from 1 
to num - del, the Boolean variable 
found is made true. (The notes beyond 
num - del are played alone with no 
accompanying harmony. Thus there 
are no note differences to look up in 
the table.) Once such a melodic line 
is found and printed out, the pro
gram asks the composer, "Do you 
want to continue?" If the answer is 
yes, the program branches back to 

a 

UPPER NOTE 

the found <-- false instruction and the 
count picks up where it left off. 

One can, of course, play the melod
ic lines discovered by CANON through 
the tiny loudspeaker of one's home 
computer. Readers of a musical bent, 
however, will develop the knack of 
humming the line or of transcribing 
it, along with its canonic companion, 
onto sheet music. The canon can then 
be tested at another keyboard in all its 
harmonic glory. 

Rhythm is a more sophisticated mu
sical form than some readers may real
ize; traditional Western music has nev
er been very elaborate rhythmically. 
Popular musical culture, on the other 
hand, has embraced an extraordinary 
variety of rhythmical forms. Most of 
them originate either directly or in
directly from traditional African or 
Asian music. This includes most rock 
music, jazz, Caribbean and Latin
American music. Westerners are also 
increasingly aware of the complex 
contribution of the tablas (a pair of 
drums played by the fingers) to Indian 
musical forms such as the raga. 

The program I call BEAT enables 
one to specify simple rhythms as 
seq uences of O's and 1 'So These are 
translated into sounds by the simple 
expedient of running through the se
quence repeatedly. Each time through, 
the presence of a 1 triggers a brief tone 
pulse. A 0 triggers nothing. 

Actually BEAT is simple enough to 
describe without further ado. Structur
ally it is rather similar to SOLFEGGIO 
(the program that plays linear-con-

b 
NUMBER 
OF HALF-

C C* D D* E F F* G G* A A* B C NAME STEPS 
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c I Ix X X X X X 1 0 

c* 1 X X X X X X 1 +/20 1 
D X X X X X 2 2 

D* X X X X 3- 3 

E X X X X 3 4 

F X X X X P4 5 

F* X X X X 4+/50 6 
LOWER NOTE G X X X P5 7 

G* X X 6- 8 

A X X 6 9 

A* X X 7- 1 0 

B X 7 1 1  
C c--

8 12 
� 

Notes sounded together are consonant, according to table a, if the combinations do not fall on 
an X. The names and sizes (in half-steps) olthe resulting harmonic intervals are found in table b. 
The intervals of unison ( 1 ), minor and major third (3- and 3), perfect fourth (P4), perfect fifth 
(P5), minor and major sixth (6- and 6) and octave (8) are considered consonant in first-species 
imitation. The corresponding numbers of semitone (half) steps are 0,3,4,5,7,8,9, and 12. 

Table of consollant harmonic intervals 

gruential music). A single array called 
pulse holds the rhythm as specified by 
the programmer at the start of the run: 

input pulse, num, dur 
for i = 1 to 25 

for j = 1 to num 
k <--1 
whilek:<;; dur 

k<--k+l 
if pulse(j) = 1 

then sound 

The variables called num and dur 
refer respectively to the size of the in
put array and the duration between 
sounds. The outer loop specifies that 
the basic rhythmic interval determined 
by pulse will be played 25 times. This 
number can easily be altered by read
ers who stumble onto rhythms they 
would like to hear for a longer period 
of time. The next inner loop controls 
the array index; the algorithm will 
consider each entry in turn in order 
to decide whether or not to play a 
tone. How long to wait between sonic 
events? That much is determined by a 
special waiting loop that simply counts 
up to the specified duration, duro Then, 
if pulse(j) is 1, the program BEAT will 
play a tone, a buzz or whatever may be 
available. If dur is small, the rhythm 
will be fast. If dur is large, the rhythm 
will be slow. 

Like its predecessors, BEAT can also 
be enhanced. Something like a percus
sion ensemble is possible if different 
tones (preferably low ones represent
ing various kinds of drums, bells or 
cymbals) are employed. Although the 
sounds may be far from realistic, the 
rhythms will be the real McCoy. One 
can complicate the array called pulse 
by using integers such as 0, 1, 2 and 3 
to represent silence, a high drum play
ing alone, a low drum playing alone 
and both drums playing together. In 
each case the entry of pulse being ex
amined in the inner loop must be de
coded by a set of if statements that 
control the playing of no sound, one 
sound or both sounds. In the last case 
two notes are sounded consecutively 
as a substitute for simultaneity. If it 
is found that playing two consecutive 
sounds throws the timing off, then the 
waiting loop must be moved inside the 
if statements so that there is one copy 
for each of the four possibilities. In the 
case of no sound and two sounds, the 
limit dur must be replaced by new lim
its, one longer and one shorter than 
duro In both cases the difference would 
be the time value assigned to an indi
vidual note. 

A more sophisticated version of 
BEAT will certainly be able to play 
some of the interesting rhythms dis
played on page 16. The various scores 
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shown there have been interpreted as 
seq uences of discrete events strung 
along a common time base. They are 
easily translated into the contents of 
pulse under encodings arranged by the 
aspiring composer. 

In addition to the preceding forays 
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into melody, harmony and rhythm, I 
continue to be fascinated by the notion 
of endowing every computer program 
with two roles. In one role the program 
computes what it computes. In the oth
er role the program is fitted with a tone 
or two next to its inner loops, outer 

. 
u ::---" 

loops and conditional (if ) statements. 
The program has a song to sing for 
each problem it is given. Those who 
listen regularly to their favorite pro
gram (be it recreational or commer
cial) will develop an ear for its perfor
mance. I have no doubt that some bugs 
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A textbook example of two-part first-species imitation 
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Two computer-generated canalis are spliced to make a 10llger aile 
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in new versions of a program may be 
detected by ear. Those readers with 
tales to tell in this area are hereby in
vited to put a bug in my ear. 

I n last month's column on Valenti
no Braitenberg's vehicles and their 

electronic brains, I posed a puzzle in
volving a golden sphere dropped from 
a UFO; once it is activated, it rolls 
along a smooth floor with a buzzing 
sound. How does it move if it has no 
exterior appendages such as wheels or 
legs? The sphere also avoids obstacles 
by rolling around them when it en
counters them. How does it do so? 

A number of years ago a toy called 
"Moon Walker" appeared for a few 
months in North American stores. It 
consisted of two hollow, transparent 
plastic hemispheres that snap together 
to enclose a small, battery-driven car. 
To operate the toy, the car's electric 
motor was switched on before the car 
was placed in one of the hemispheres. 
The resulting lO-centimeter sphere 
rolled along the floor because the car 
inside continuously tried to climb the 
inner wall of the sphere in the direc
tion in which the vehicle happened to 
be pointing. The sphere rolled in the 
direction of the consequent imbalance. 

When the sphere encountered an ob
stacle such as a chair leg, the car would 
climb still higher in the sphere. At such 
a point a built-in slippage on the right 
rear wheel would take effect. The car 
would skid continuously to the right, 
working its way around the inside sur
face until it headed in the direction in 
which the sphere encountered no resis
tance. In this way the sphere dodged 
obstructions. The puzzlement of on
lookers was complete only when the 
sphere was spray-painted to obscure 
the little car. From that point on there 
was no limit to what people might 
guess inhabited the mysterious ball 
from outer space. 

Since the description in January's 
column of the first international Core 
War tournament, membership in the 
International Core Wars Society has 
quadrupled, according to its director, 
Mark Clarkson. Expressions of inter
est continue to be welcomed by Clark
son at 8619 Wassail Street, Wichita, 
Kan. 67210. At the same time William 
R. Buckley, editor of The Core War 
Newsletter, has noticed a correspond
ing jump in subscriptions. Buckley ex
plains that the publication will act as 
the principle organ of communication 
for the society members as standards 
are improved, new battle techniques 
are developed and new levels of play 
emerge. A subscription to the newslet
ter can be obtained by writing to Buck
ley at 5712 Kern Drive, Huntington 
Beach, Calif. 92649. 
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BOOKS 

The origin of shape, the shaping of cia y, 

the great dying and the great migrations 

by Philip Morrison 

S
YMMETRY THROUGH THE EYES OF 

A CHEMIST, by Istvan Hargittai 
and Magdolna Hargittai. VCH 

Publishers, Inc. ($95). SYMMETRY: 
UNIFYING HUMAN UNDERSTANDING, 

edited by Istvan Hargittai. Pergamon 
Press ($ 115). 

A witty cartoonist shows us the ate
lier of the Creator, who is judging with 
pleasure the wall where young angelic 
designers have posted their competing 
projects for the decorated hexagons 
that will become snow crystals: "Im
possible to choose; produce them all." 

The cosmopolitan eye caught by the 
Parisian cartoon, good-humored and 
clearly delighted by diversity, informs 
this entire book. The work offers a 
broad new perspective that looks out
ward over the rich and often demand
ing monographic literature. Its authors 
are two structural chemists, research 
workers at the Hungarian Academy of 
Sciences in Budapest, who have seen 
everything relevant. They show most 
of it to us in photograph and drawing 
and tell us about it lightly and well. As 
an instance, their figures present clear 
although spare prototypes of the 17 
plane groups that describe all possible 
repeating wallpaper patterns; each ar
ray of black triangles is accompanied 
by a strictly corresponding example 
documented from Hungarian needle
work. All 17 groups are found in that 
needlework, as well as all seven classes 
of the border decorations that are their 
one-dimensional analogue. 

The book has three roughly equal 
parts. The first part sets out one after 
another the symmetries whose com
binations impose such interesting lim
its on form. The opening sections are 
studded with examples, both fresh and 
familiar, from the Van Dyck portrait 
of Charles I painted in fullface and 
in both profiles, through a photograph 
taken by her chemist-parents of little 
Eszter Hargittai along with her reflec
tion, to the intricate Pueblo pottery 
that has only rotational symmetry. 

Inversion, polarity and chirality 
(handedness, as in a DNA molecule) 
are treated at some length, now with 
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molecules in mind. Two closely relat
ed organic crystals are shown, the 
pointy one anchored by a center of 
symmetry, the other smugly lacking it: 
a gas-solid reaction corrodes one face 
of a narrow slot cut in a crystal dis
tinctly faster than it eats at the oth
er. Drawings and tabulated properties 
of the five regplar convex and the 13 
semiregular polyhedrons are also pre
sented; they serve both as part of the 
classical lore and as examples for dis
cussion of symmetries and their nota
tion. Kepler's fit to the planetary orbits 
is examined along with the goodness 
of the fit. The lists of references are 
long and useful. They offer the reader 
the simple canons of the subject-for 
example, Hermann Weyl's masterly 
popular lectures, Martin Gardner'S 
writings and Edwin Abbott's Flat
land-as well as up-to-date textbooks 
and technical papers. 

The shapes of molecules are the next 
broad topic. A disarming and unfor
gettable start is made in the account of 
the standard projectional representa
tion of isomers that differ only in the 
relative orientation of their parts. Two 
drawings after Degas are invoked: one 
dancer with arms flung apart at the 
end of an arabesque, who shows the 
staggered conformation; the eclipsed 
conformation is embodied in another 
dancer, who bends to adjust her shoes. 

Cubanes and pentaprismane have 
been prepared, hydrocarbon mole
cules shaped as they are named. Ada
mantane is a hydrocarbon analogous 
to diamond, whose carbon framework 
resembles a set of four cubes, one in
side the other. It is a real substance; 
even multiply joined adamantanes 
have been synthesized. (The book in
cludes an index of formulas that is a 
page and a half long. Most of the en
tries are organic molecules, but there 
are plenty of boron and fluorine com
pounds as well.) 

The first part of the book ends by 
treating electron-cloud shapes in mol
ecules according to a simple and pop
ular method known somewhat Ger
manically as the valence-shell elec-

tron-pair repulsion model. This prag
matic and qualitative scheme is rather 
faithful to the results of genuine ab ini
tio quantum calculations for a wide 
class of molecules, those dominated 
by a few central atoms. An alternate 
name for the model suggests one rea
son: a recent proposal sought to recog
nize explicitly the role of the exclusion 
principle by calling the scheme Pauli 
mechanics. 

The closing third of the book ex
tends the ideas of combined symmetry 
from operations about one point to 
those that build infinite lines, planes 
or volumes. We have already men
tioned the border and plane symmetry 
groups. Next there is a useful intro
duction to classical crystallography, 
sweetened by stacks of cannonballs 
and the old cleavage figures of the pio
neers. There is also a dazzling long 
quotation (illustrated with his own 
drawing) from the writer Karel Capek 
describing a visit to the minerals at the 
British Museum. "Even in human life 
there is a hidden force towards crys
tallization. Egypt crystallizes in pyra
mids and obelisks, Greece in columns; 
the middle ages in vials; London in 
grinny cubes ... " 

Easily understandable drawings of 
crystal forms and the correspond
ing projection diagrams illustrate the 
32 crystal point groups. The restric
tions imposed by combining rotations, 
mirror reflections and translations are 
nicely described. It is easy to grasp 
why by these rules nothing mineral is 
fivefold. The text is sufficiently con
temporary to present a brief comment 
on the recent discovery of a quasicrys
tal or two with a penchant for fivefold 
symmetry. Our authors are far from 
dismayed, for the tendency of their fi
nal chapter is to view classical crystal
lography, with its rules derived from 
the mathematics of infinity, as an alto
gether too restrictive framework. The 
moderns could be counted on to de
part from that hog-tied posture of per
fection as materials of new kinds were 
made and examined. 

The helical molecules of life are dis
cussed (but rather too briefly), and 
there is something about the viruses as 
finite versions of symmetrical packed 
structures. The full 230 crystal space 
groups are presented; wisely they are 
not tabulated in detail. 

The last sections begin to add no
tions of energy to the deep accounts of 
form. The Soviet physicist A. I. Kitai
gorodskii has for decades treated mo
lecular organic crystals as examples of 
packing. Using sphere close-packing 
as an introduction, he examined the 
ways molecules of arbitrary shape 
could be packed into lattices under the 
various space groups. It is not always 
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possible to fit molecules close together 
without overlap and without allowing 
some convex surfaces to face other 
convex surfaces. Clearly such packing 
schemes cannot have high molecular 
density. Molecules with some added 
symmetry of their own (for example 
a plane of symmetry) admit closer 
neighbors even in unfavorable space 
groups. From such arguments Kitai
gorodskii shows that in only six of the 
230 space groups could planes of mol
ecules be formed that have six neigh
bors in contact. Just those few groups 
describe the bulk of the known organic 
crystals. The classical groups are geo
metrically equal; energetically they 
differ, even grossly. 

In the middle third of the book the 
treatment suddenly becomes abstract. 
Most illustrations are diagrams and 
graphs; virtually gone are the scenes 
from the real world. It is a helpful 
introduction to the algebra of group 
representations, complete with matrix 
multiplication, reducibility and group
character tables. This expertise is not 
carried to the point of much calcu
lation, yet most readers will hardly 
make their way smoothly past a pro
jection operator without having paper 
and pencil at hand. 

It is the dynamics of molecules that 
flows from this excursion away from 
visualization into algebra. A fine de
tailed look at the normal vibrations of 
the water molecule provides a halfway 
house. The text then pursues up-to
date ideas about the use of symmetry 
to understand single-step reactions 
between molecules. The scheme is to 
take some account of the tendency for 
merger in collisions that match the 
symmetries of the approximate wave 
functions. These constraints lead to 
general rules in simple collisions. Sym
metry-related rules of reaction have 
been growing in utility for two dec
ades, and the Nobel lists recite the 
names of their formulators: Fukui, 
Hoffman, Woodward. This part of the 
book is too technical to win many gen
eral readers. 

The Hargattais wrote in English, 
mostly during a two-year stay at the 
University of Connecticut at Storrs. 
The book had a modest progenitor 
in Hungarian published by the acade
my as part of a paperback series in 
popular science. It has since had 
grander and bulkier issue as well: the 
ambitious symposium on symmetry, 
orchestrated by Istvan Hargittai, to 
which more than 70 mathematicians, 
artists and a variety of scientists from 
many lands contributed. 

I cannot profess to have attended in 
full to the 1,000-page volume with so 
many articles of differing level, topic 
and length, from particle physics to 

country dance; yet a very few piec
es quickly caught this rather daunted 
eye. Musical and literary symmetries 
are here. Two papers generalize the 
Kekule benzene ring, a carbon-atom 
hexagon in which alternate links are 
doubled. The puzzle of how many 
ways there are to join benzene rings 
has already led to a voluminous liter
ature and some remarkable formu
las. The phenomenon of moire is de
scribed with interesting works of moi
re art; the simpler examples plainly 
invite more mathematical analysis. 

The big regular jointed basalt col
umns found in Fingal's Cave and in 
similar showy formations here and 
there are hard to explain. Their strange 
pseudocrystallinity is often accounted 
for by a theory of the 1880's, which 
proposes a process of growth so unsta
ble that it would require perfection. 
N ow there is a new understanding, if 
not yet a full answer. At their base the 
columns are four-sided, displaying the 
same kind of irregular T joints as those 
seen in surface-tension cracks in mud 
and in some pottery glazes, not the Y 
joints of the hexagonal mesh that be
come so conspicuous well above the 
base. Here the ideal stress-relief pat
tern is being approached through the 
third dimension. 

C
ERAMI C MASTERPIE C ES: ART, 

STRUCTURE, AND TECHNOLOGY, by 
W. David Kingery and Pamela B. Van
diver. The Free Press ($49.95). 

Ceramic ware has been intimately 
part of living since before 6400 B.C. 

when pottery making became a ma
ture village craft. Bowl, plate or vase 
is sized and shaped for the hand and 
rings sonorously to the ear. Matte or 
glossy, colorful or earthy black, it at
tracts the eye. Such qualities anchor a 
ceramic securely to the human scale, 
whether it is a mere commonplace of 
hasty mealtime or a precious object of 
art. To fashion any ceramic whatev
er demands more than hand and eye: 
earth, water, air, motion, fire. 

The duality means that a piece of 
handmade pottery takes its nature, 
more than most of the material objects 
we encounter, from several scales of 
size. What we see and feel at arm's 
length is important: there dwell its 
provenance and intention in style, dec
oration and graceful or utilitarian 
form. Decisive features are there half
hidden on the submillimeter scale, at 
the margin of vision and the finger's 
touch. "A magnified view is essen
tial. ... If the only result of this book 
were to get a good lOX loupe and a 
penlight into the hands of each reader, 
that would signify a great success." 

The authors pursue that end, among 
many others, by setting us a fascinat-

ing example. Two dozen color plates 
present a good look at (although no 
chance to heft, ring or feel) 10 ceramic 
museum pieces. The oldest of these is a 
blue lotus chalice about seven inches 
high, made in Egypt during an expan
sive and creative dynasty early in the 
New Kingdom. There follow Chinese, 
Middle Eastern and European exam
ples. The latest is a Wedgwood choco
late pitcher of blue jasperware made in 
about 1790. 

To each of the 10 the authors devote 
a chapter that carefully documents 
how the particular qualities of the 
piece were achieved by the potter. The 
result is an informed appreciation, 
an understanding participation in what 
the artist did long ago out of tradition, 
experience and intuition. 

The senior author is Kyocera Pro
fessor of Ceramics at the Massachu
setts Institute of Technology; Dr. Van
diver is a research scientist in the his
tory and technology of ceramics and 
glass at the Smithsonian Institution. 
They have examined the objects they 
display with the full arsenal of modern 
materials science, beyond the penlight, 
to electron micrograph and X ray. The 
spirit of the admirer is shiningly clear. 
Their explanations and the detailed 
supporting evidence form a rich, non
technical introduction to the nature of 
matter and of light and vision. Around 
this core the authors have gathered 
much of the history of ceramics; they 
assess and rationalize the worldwide 
development of that technology by in
ferring its intentions from its subtle 
achievements. 

All 10 of the masterpieces are high
fired white-bodied ceramics, in which 
clear colors and white ground underlie 
a glaze. This cross-cultured unity re
flects a clear analogue to evolutionary 
convergence. The goal of Egyptian fa
ience can be traced by its forms over 
the millenniums; it was the emulation 
of the prized lapis lazuli and turquoise 
in shapes and sizes expensive or un
available from the lapidary. The cela
don jar from Sung China was frank
ly made as a "ceramic recreation " of 
semiprecious jade in form and color, 
seeking the translucent, all but tangi
ble luster characterizing that tough fi
brous mineral. 

The faience was the earliest "con
trived " nonclay ceramic body, made 
from crushed and ground white quartz 
pebbles with a small admixture of de
sert salts. The material was first made 
in about 4500 B.C., and blue donkey 
beads are still produced from it every 
day at Qom in Iran. The Chinese white 
porcelains arose more out of oppor
tunity: natural white "china stone " is 
found there, although to be sure it was 
chosen for use in white-bodied ware. 
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There were some green glazed wares 
in China 2,000 years before the cela
don jar. In either case, however, as 
cause or consequence of white materi
als, the imitation of the precious was a 
major impetus. 

Follow one chapter: that celadon 
jar. It was the fruit of some 1,000 years 
of craft-based empirical technology, 
practiced on quite a large scale, wit
nessed by wide foreign trade and by 
the archaeology of the old kilns in Zhe
jiang. Those "dragon kilns " are long 
sloping hillside tunnels fueled at many 
fire holes. The fire moved uphill dur
ing the firing process. The air entering 
at the base is preheated by already hot 
ware to produce high temperature effi
ciently, 10,000 pieces to a firing. 

The key to the celebrated jade like 
luster is newly found. There are tiny 
bubbles in the glaze just within reach 
of eye and lens. They add brilliance to 
many glazes, here too, but that does 
not single out the unmatched Sung cel
ad on, so much more like jade than any 
earlier or later wares. The electron 
microscope shows that this glaze is 
crowded with clumps of fine submi
cron crystals, just large enough to scat
ter light. The X-ray microprobe shows 
variations in calcium content at the 

scale of a tenth of a millimeter or so. 
The two crystal phases present can 
form out of glass of the right chemical 
composition that is viscous enough 
and is held at temperature for a con
siderable time. Given that the mean 
composition was about right, the nee
dles formed in clusters because the 
glaze materials were not all finely 
powdered and were not thoroughly 
mixed; the compositional variations, 
probably around large particles of 
lime, led to the crystal clumping that 
optically reproduces the jadelike silki
ness that delights the eye. 

"European porcelain glazes of the 
same overall composition are clear, 
transparent, and bright, just like the 
overfired Longquan rejects"-plenty 
of which remain in the waste dumps. 
Much earlier green glazes were too 
limy, and they melted to a gloss; later 
the grind was too fine and the temper
ature too high, resulting again in bland 
transparency. The eye can judge invisi
ble structure by such summed effects; 
the Sung craftsmen would not rest 
content with simpler efforts. What 
they wanted was the true look of jade, 
and they learned to manufacture re
producibly from their raw minerals a 
ceramic analogy to the microstructure 

Chinese 12th-century celadoll jar al/d a Xerox radiograph givil/g clues to how it was made 
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of jade that modern technology finds 
difficult to reproduce. It required con
trol of many steps to produce in the 
glaze a mixture of fibrous and granu
lar inclusions on a fine scale. Repeated 
student efforts at M.I.T. to reproduce 
the Sung glaze have not yet succeeded. 

Permeable earthenware is the old
est of pottery. The plasticity of clay, 
its fine platy particles lubricated by 
layers of water, is the beginning of it 
all. Clays vary greatly, and with them 
the product. As the water evaporates 
from the worked and finished clay pot, 
the ware becomes weak and perme
able. Soluble impurities tend to con
centrate at the points of contact be
tween the particles, where the water 
film remains longest. 

When fire replaces water, liquid ap
pears exactly there anew. It is a differ
ent fluid, a hot fluxed mineral, which 
sinters the particles together at red 
heat. Yet at orange heat the ware be
comes overfired and slumps. A good 
product therefore requires a fairly nar
row range of temperature. If air is 
present, the ubiquitous iron impurities 
will form their rust red oxide at red 
heat; air lacking, black magnetite will 
form. Control and alternation of these 
two conditions marked many ancient 
styles of pottery. The famous Attic 
black-on-red decorated pottery was 
made by combining such control with 
painted designs in a fine-particle non
porous slip that remained black, while 
the porous unpainted surfaces of the 
ware turned red as air diffused inward 
once the kiln was opened. 

There is much more that might be 
reported, such as a systematic intro
ductory look at the mineral com
pounds used in ceramic and the phase 
changes in certain mixes induced by 
temperature. This is indispensable 
matter for the potter; for an admirer of 
ceramic it makes possible understand
ing of the varied types of ware. Three 
chapters provide a fine summary of 
ceramic science and technology. 

The last chapter is about seeing and 
studying ceramic objects. It evokes the 
pleasure of holding any fine piece 
(enough to motivate a collection of 
one's own, even if only a miniature 
one). From that point the story moves 
to visual examination and then to lens 
and penlight. The next step is a binocu
lar microscope and an ultraviolet il
luminator lamp in the study. Finally 
comes the modern laboratory, whose 
powers are great for dating, authen
ticating, replicating and in the end 
understanding. 

There is a rather endearing discus
sion of the aesthetics of sampling a 
unique work of art. It covers noriintru
sive tests as well as tests that require 
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Your Premier Volume 

EINSTEIN'S LEGACY 

Julian Schwinger 

EINSTEIN'S LEGACY 

NObel laureate Julian Schwinger tells the story of 
one of the twentieth century's greatest achievements
the theory of relativity-which is largely the work of one 
man: Albert Einstein. 

The groundwork was laid in the seventeenth cen
tury by Isaac Newton, who unified motion on Earth and 
in the heavens in a framework of absolute space and 
time; then, in the nineteenth century by James Clerk 
Maxwell, who unified electricity, magnetism, and light. 
But it was left to the sixteen-year-old Einstein to glimpse, 
for the first time, that the theories of these two giants 
were incompatible. 

Schwinger makes a lively narrative of Einstein's 
quest for the reconciliation of this conflict, a quest that 
led to the unification of matter and energy, and of space 
and time in his special and general theories of relatiVity 

The special theory has had its awesome confirma
tion in mankind's command of the nuclear force. 
Schwinger shows how the general theory, in turn, has 
stood up for 70 years to experiments drawn from the 
theory by Einstein, himself, and by his successors, em
ploying ever more ingenious instrumentation and car
rying the proofs ever farther beyond the decimal point. 

In the last chapter, Schwinger describes space-age 
experiments made possible by the technologies that in
corporate the theory itself. Their outcomes may not only 
secure further confirmation of Einstein's legacy, but face 
it with difficulties that lead on towards a still more 
comprehensive theory 

Julian Schwinger was awarded the Einstein Prize in 
1951, the National Medal of Science in 1964, and the Nobel 
Prize for physics in 1965. 

He is currently University Professor of the University 
of California, Los Angeles. He received his PhD. from 
Columbia University and has been on the faculty at 
Purdue University and Harvard University Through the 
years, he has done theoretical work in various areas of 
both classical and quantum physics. 

''I am happy to report, that his book makes for de
lightfuL and instructive reading. Technical demands on 
the reader do not exceed the most elementary algebra. 

''It is particularly gratifj'ing that the subject's intri
cacies, including glimpses of non-Euclidean and Rie
mannian geometries, and the theory's early successes, 
... are so well conveyed here in simple language. Alto
gether, this well printed and pleasing�v illustrated book 
is an ideal giftfor the curious non-expert." -NATURE 

250 PAGES, 200 ILLUSTRATIONS 

COVER PHOTO: The rainbow arches over the Very Large Array 
radio telescope of Soccoro, New Mexico. For nearly three 
generations, Einstein's legacy has withstood experimental test 
by instrumentation not yet invented when Einstein did his 
thinking. © D ougJohnson 
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ISlANDS 

H.WMenard 

ISLANDS 

I n a lifetime of scientific :dventure 

-

on the broad 
reaches of the Pacific Ocean, HW Menard discovered in 
the Earth's most romantic islands new insights into the 
forces deep in the Earth's interior. 

His central contributions to plate tectonics, the unify
ing theory of geology, explain the layout of the island arcs, 
the atolls and the seamounts on the map of our globe. He 
also tells the story of the evolution of life, of human 
settlement and of the exploration, in the latest centuries, 
of these islands. 

Sharing in Menard's adventure, the reader will also 
share his understanding of the Earth as a dynamic system. 
Photographs and cross section diagrams illuminate the 
text and make vivid connection between the beauty of 
nature at the surface and the processes driving the system 
in its depths. 

H.W Menard was a founding member of the Scripps 
Institution of Oceanography, where he was professor 
of Geology. In the course of his distinguished career, 
he served as Technical Advisor in the President's Office 
of Science and Technology and as Director of the U.S. 
Geological Survey: 

"In a very real sense, this book is his scientific 
legtUJl."-ROGER REVEllE, PROFESSOR OF SCIENCE AND 
PUBLIC POLICY, UNIVERSITY OF CALIFORNIA, SAN DIEGO 

230 PAGES, 152 MAPS, PH07DGRAPHS AND ILLUSTRATIONS 

THE LIVING CEIL 

Chnstian de Duve 

A GUIDED TOUR Of THE LIVING CEll 

In A GUIDED TOUR OF THE LMNG CELL, Chris
tian de Duve invites us to accompany him on an engross
ing expedition through the trillions of cells that make up 
the human body: 

T he journey is divided into three itineraries. In the 
first, we examine a cell's outer and inner membranes and 
their two-way commerce with the exterior. In the second, 
we call at all the major organelles-the cell's own or
gans-and observe them manufacturing their own spe
cial products. Our third itinerary takes us into the nucleus 
itself, where we see DNA steering the reproductive bio
chemical machinery of the cell. 

Christian de Duve is Andrew W Mellon Professor at 
T he Rockefeller University in New York. He was a joint 
recipient of the Nobel Prize for medicine in 1974. 

'1t is hard to imagine a better introduction to the 
world of the cell and all it means to everyone." 

-JOHN BARKHAM REVIEWS 

2 VOLUMES, 422 PAGES, 425 ILLUSTRATIONS 

"� difference [between this and other book series} comes in the quality oj 
With the handsome volumes in front of us, what response can I 

The largest forms of life reproduce slowly, more ponderously, and live much longer than smaller 
organisms. On Size and Life examines why. 

A molecular view of the plasma membrane. EleClr< 
through an axopod of the heliozoon Echinosphael 

PHOTO CREOITS-Daphnia; James Bell, Photo Researchers, Inc.lAnt: Daniel Adams/Elephant: Peter Johnson, National History PholOgraphic Agencyllliustration drawn by Neil O. Hardy/Electron microg 
Mutual Research Corporation 
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SUN AND EARm 

Herbert Friedman 

SUN AND EARTH 

A we can tell with our unaided senses, the distant 
sun bathes the Earth in radiant energy. From instruments 
on the ground and in orbit, we have now learned that the 
Earth revolves around in the Sun's extended atmos
phere-the two bodies are in contact. An out-rushing 
solar wind engages our outer atmosphere and sets into 
action the processes that reach all the way to the planet's 
surface. 

In SUN AND EART H, the space-scientist Herbert 
Friedman combines an historical narrative with interpre
tive accounts that retain the awe and wonder with which 
scientists and poets have regarded the sun's life-bestow
ing characteristics. 

SUN AND EARTH also provides a comprehensive pic
ture of how the sun shapes our environment and explains 
the impact of solar variability on the contemporary prob
lems of survival. 

Herbert Friedman is chief scientist emeritus of the 
E.O. Hulburt Center for Space Research of the Naval Re
search Laboratory. In 1969, Dr. Friedman received the 
National Medal of Science-the nation's highest honor for 
scientific achievement. 

"It covers more ground in an authoritative fash
ion than any contemporary book I've seen." 
-WILLIAM C. LIVINGSTON, ASTRONOMER 

251 PAGES, 195 IlLUSTRATIONS 
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mere crumbs, which are usually easy 
to find but not ordinarily representa
tive. The largest sample needed in to
day's laboratories is one taken by a 
core drill three millimeters in diame
ter, down to the same depth. "It seems 
to us, however, that it would be as ir
rational to say that a macrosample 
should be available from every object 
as to say that no sample should be al
lowed on any object." 

This book is essential for anyone 
who is attentive to ceramics of any pe
riod but has not been trained as a ce
ramicist. It is a delight to inspect, read 
or ponder. A reader might wish the au
thors had included among their exam
ples just one earthenware masterpiece, 
perhaps even an alumina-based spark 
plug. The tabulated data and the ref
erences are intriguing and up-to-date. 
(For the next well-deserved printings 
the proofreader should keep a sharper 
eye out for the many small typograph
ical errors.) 

T
HE GREAT DYING, by Kenneth J. 
HsU. Harcourt Brace Jovanovich, 

Publishers ($17.95). 
"It was a long drive from Houston, 

but we never had a dull moment." HsU 
was a fresh geology PhD. at the Shell 
Research Laboratory on his way to a 
three-day field trip with old Doc Sten
zel, a paleontologist as Prussian in 
bearing and as dogmatic as he was il
lustrious. Doc loved argument and 
chose the topic. '''You know nothing 
about fossils, young man,' he roared, 
'nor has your venerated teacher 
learned much paleontology .... Yes,'" 
Doc continued, "'many groups ap
peared suddenly, not because of the in
completeness of the geologic record, 
but because they did appear sudden
ly.'" In the mid-1950's the discussion 
was only a taxing exercise for the am
bitious young sedimentologist, who 
was quite unpersuaded by the tirade. 
By now we all know Doc was right. We 
usually hear of it in the reverse: many 
famous groups-all the dinosaurs, all 
those horn-curled ammonites-did just 
as suddenly disappear at the same lev
el in the record. 

At that boundary between two 
worlds of life, as Lyell and Darwin 
knew, both old species and newly 
evolved ones, large and small, on sea 
and land, amounting to three-fourths 
of the existing life forms, vanished and 
were replaced by another biota. The 
classical explanation, a rationaliza
tion, is just what Ken HsU was taught. 
There must be a big gap in the record; 
enough time passed to allow sweeping 
change, but the pages in the Book of 
Sediments are missing. 

Among the tourists who come to As-
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sisi to admire the famed Giotto scenes 
from the life of St. Francis, few detour 
to provincial Gubbio nearby for a cou
ple of altarpieces. But Gubbio draws 
the geologists. In the cliffs near the 
town that critical boundary-the rec
ord of the great dying-is "so sharp 
you can mark it with a razor." It is 
written in the microfossils, the one
celled marine creatures called forami
nifera, typical of the Cretaceous seas 
at depth and on the surface. A single 
thin layer of clay a centimeter thick 
threads an entire cliff of limestone. Be
low it a mixture of big, vigorous fo
rams abounds, up to the very last milli
meter. Then comes the clay, free of 
limy fossils. Above that for a few me
ters it is small, plantlike plankton that 
form the calcareous rock. The newer 
forams, of totally different types, ap
pear in number only a few meters 
higher in the limestone. 

In about 1970 the layers around the 
boundary were searched with new in
tensity and a new ultrafine sieve as 
well. The sudden change was docu
mented, better than ever before. Yet 
the new sieve recovered new forams 
immediately above the clay, the shells 
so small that they had been over
looked earlier. Within a few meters the 
little animals had evolved to include 
many diverse and larger forms. Now 
that sequence shouted against a gap in 
the record; it seemed to be a rapid but 
quite complete sequence in foraminif
eral history after the Cretaceous. The 
rock showed that the old Cretaceous 
forms had gone away in less time than 
it took to deposit a layer of fine clay; 
that might be 10,000 years in a normal 
example. The events could be fixed by 
radiometric-dating techniques at 65 
million years ago, plus or minus a cou
ple of million. 

Dinosaur bones, unlike marine mi
croorganisms, are not found in every 
pinch of sample. We cannot date their 
final appearance closely enough to 
match the discrimination of the micro
scopes. The magnetic reversals cali
brated through sea-floor spreading 
matched to the magnetic epoch cap
tured in the limestones define a period 
of only a few thousand years during 
which the clay layer was deposited. 
The layer that holds the last of the big 
saurians in Alberta now appears to 
match the Gubbio magnetic epoch to 
better than half a million years. So do 
the fossil pollens of an extinct assem
blage of land plants; a layer rich in 
iridium is found at the right time in a 
New Mexico borehole, just at the level 
where the telltale pollens were extin
guished. "The time of transition is laid 
out as a stripe on the seafloor, and as a 
layer in both oceanic and continental 

sediments. It has width, it has depth. 
[It] is real." There was no chasm in the 
record at Gubbio; there is no chapter 
missing, not even a page. 

In the spring of 1980 four papers in
dependently put forward the E.T. hy
pothesis. One was our author'S, who 
attributed the oceanic extinctions to 
chemical pollution of the seas after a 
comet's impact and postulated a tem
perature rise to catch the dwellers on 
land. Another was the wonderful re
sult of the Alvarez team, which had 
found the trace of iridium in the clay 
layer at Gubbio, a trace that might be 
carried in only by a comet or an as
teroid. "Simultaneous publication .. .is 
neither coincidence nor the result of 
communication. When the data point 
to the obvious, all those quick on the 
draw will come up with the same an
swer at the same time." 

By now the topic has grown to no
toriety. The scenario favored here
the evidence and argument are nev
er slighted-is complex. Darkness at 
noon after the impact: dust if by land, 
water vapor if by sea. Surface plank
ton perish; their output of oxygen no 
longer keeps down the acidity of the 
carbonated sea. The shocked air holds 
the oxides of nitrogens and down 
comes the acid rain, enough to inhibit 
"all but the toughest of plankton," in 
particular those that secrete calcare
ous shells. Eventually the lime of the 
ancestors neutralizes the sea. New 
plankton forms spread from rare spots 
of safety to inherit the empty resource, 
perhaps after tens of thousands of 
years; they evolve. Dinosaurs, am
monites, corals, brachiopods, land 
plants-how can we know? Each of 
these goes extinct by causes that may 
be individual and unique, species by 
species. Here is a lottery of survival. 
The ultimate cause is a universal ca
tastrophe; how that feathers out into 
the myriad niches of life, particularly 
niches outside the more nearly mixed 
ocean, may provide many tests and no 
single answer. 

This is "not an anticlimax " just be
cause we lack the death certificate of 
the dinosaurs; we have learned of a 
profound event whose lesson is written 
large in our mammalian legacy and 
even on human life today, wetted by 
its own acid rain and shadowed by a 
hint of nuclear darkness. (The claims 
of periodicity, the star Nemesis and 
the rest, have no appeal for Professor 
Hsli; he offers odds at 100 to one 
against them.) 

HsU writes with unusual clarity and 
intimacy. He spells out the full logical 
content of his arguments with more at
tention to how he came by his prem
ises than is common in popular ex-
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position. He does not leave out his own 
responses-he recollects even the fail
ings-as conversations, meetings, ideas 
and opportunities come and go. We 
learn that he is no patient fisherman 
for clues but a man eager to dive in. 
One endearing recollection goes back 
to his first postdoctoral year in Zurich 
(where he is now professor at the Swiss 
Federal Institute of Technology). A 
lecturer, faithful to the memory of his 
own professor, a giant of geochemis
try, handed out a long table of element 
abundances. Then he chose to read it 
word for word, a droning tedium of 
number after number. "I did not even 
worry about courtesy; I walked out of 
the room before he finished proactin
ium .... If I had gone to his second 
lecture, I was almost certain to have 
learned [about the noble metals that 
are rich in the meteorites]." Had HsU 
done so he might have accepted the 
proposal someone put to him for trace 
analysis of his ocean cores at the 
strange boundaries-a decade before it 
was done for the Gubbio clay. "Only 
in later years did I realize ... that new 
data lead sooner or later to new levels 
of understanding." 

The book offers more, a first chap
ter and a last one. They are attrac
tive, strong, compassionate and well 
argued. This brilliant geologist has di
vided a lifetime among three cultures, 
in China, America and Switzerland. 
He was certainly an achiever in his 
American phase, "what my daughter 
calls a Funjziger." Now, however, he 
leans toward the Tao. 

The aim of his more philosophical 
years is to recast the metaphor of evo
lution, particularly the social Darwin
ism whose issue was in part the Third 
Reich. First of all, Darwin asserts the 
common descent of all life. That unity 
is triumphant; science cannot doubt it. 
But the uniformitarianism of the geol
ogists is wrecked by modern work, 
spectacularly the boundary between 
the eras of reptilian and of mammali
an radiation. Agreed: gradual change 
is not all. Catastrophes can be decisive. 

HsU goes further, though. In a co
gent but brief discussion he finds no 
validity in natural selection as a driv
ing force for evolution. Adaptation is 
real, but not natural selection. That 
is deeper water. The Spencerian talk 
of fitness is unpleasant enough, to be 
sure, and it retains little meaning. But 
the modern view is much cooler, and 
differential reproduction does seem to 
describe much of what we see: conver
gence, parasitism, mimicry-even if 
chancier isolation drift is also needed. 
"'The Tao that can be talked about is 
not the true Tao.' '' We might believe 
that, but for science we must talk to 
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one another, although we do not aspire 
to the true Tao but rather to a partial 
Way nearby. 

"'The race is not to the swift, nor 
the battle to the strong ... but time 
and chance happeneth to them al!.'" 
The Preacher is eloquent, but did 
that shrewd observer maintain that 
the battle is never to the strong, the 
race never to the swift? A scientist can
not think so. Evolution is a historical 
science; we shall know it only in part, 
yet more and more. A physicist-reader 
is wary of principles, even welcome 
ones, that assert rules entirely with
out quantity. 

M IGRATIONS IN PREHISTORY: INFER
RING POPULATION MOVEMENT 

FROM CULTURAL REMAINS, by Irving 
Rouse. Yale University Press ($20). 

The disconformity was striking. At 
several shore sites in Puerto Rico the 
lowest level in the old deposit of refuse 
was full of crab shells. They were usu
ally found in association with distinc
tive potsherds painted white on a red 
ground. Above that was a distinct lay
er; there the debris was hard clam
shells, and the pots were modeled and 
incised. A new people had come to the 
place, along the island chain from the 
Orinoco plains, long-known home of 
the distinctive white-on-red potters. 

It was an easy inference, a common
place of the archaeologist, its counter
part on a thousand museum walls and 
in the pages of as many textbooks. The 
inference here was altogether too easy: 
the style had in fact evolved gradually 
through red-on-white to undecorated, 
and then on to the incised, again grad
ually. The collectors who first indicat
ed the sites had a selective eye for at
tractive pottery, although the shift 
from crabs to shellfish turned out to be 
pretty local as weI!. That change was a 
movement of neighboring and inter
acting villages on one shore, not of en
tire peoples across a sea. 

How do we know? This lucid and 
tightly argued book sets out the means 
for a serious test of the hypothesis 
that migration causes a given culture 
change. The author has 50 years of re
flective work to draw on; he puzzled 
out the change from crabs to clams 35 
years ago as part of his own fieldwork. 
His study is concise and to the point; 
its unusual readability derives from 
four varied and fascinating case stud
ies, all of them, he argues, examples of 
a degree of success in the tested recon
struction of the movements of peoples 
before history. 

Single grand hypotheses have been 
the course of explanation in archaeol
ogy for a long time, particularly large 
schemes, "ruling theories " of migra-

tion. They are not without the taint of 
cultural bias. Rapid, long-distance mi
gration of peoples is the historical 
source of gross cultural change in Af
rica, the Americas, India, Oceania, Si
beria, all within a few centuries. The 
Westerner knows all about coloniali
zation and falls into such a mode!. 
Eastern scholars instead prefer as a 
model the long local development of 
central, stable cultures in China and 
India; change is the product of accul
turation on the fringes. The scholars of 
fringing lands, say Japan, tended to 
seek synthesis between foreign addi
tions and local endowment. 

Migration theories today seem over
blown, somehow insensitive to local 
identities and strengths; they are out 
of fashion. Yet they deserve attention. 
We seek to know as much about hu
man prehistory as we can, whether it 
fits our taste or not. Can past migra
tions be shown to be probable and sig
nificant? The examples suggest that 
success can come only with ample evi
dence. The test is rigorous only if a hy
pothesis is treated not as a self-evident 
truth, to which many pieces of data 
can be assimilated, but as one postu
late in open competition with its peers. 

Three kinds of data dominate the re
construction of prehistory. Language 
manifestly offers a wealth of informa
tion about the unwritten past. Physical 
anthropology, from skulls to genes, is 
a classical contributor. Archaeological 
data, the most varied, include artifacts 
and the social structures inferred from 
them. These disciplines offer rather in
dependent tests of migration theories. 
Irving Rouse constructs for each of his 
hypotheses a graphical page for two 
or three test disciplines, time plotted 
from bottom to top, spatial regions 
across the page and recognized cultur
al units entered in the matrix. That 
space-time plot is the summation of 
the archaeologist; the question is, of 
course, its credibility, defined as con
sistency under the several tests. 

The most recent migration in prehis
tory is the courageous mastery of the 
Pacific Ocean by the virtuosos of the 
sailing canoe. Our present chronicle 
begins in New Ireland in Melanesia, 
where we have a preceramic assem
blage from about 2000 B.C. Before 
that, we cannot say. The whole of Mel
anesia seems to have been occupied at 
about that time. The archaeological 
evidence of dated settlement moves 
only generally eastward across the 
Pacific, proceeding through much 
change and a good deal of to-and-fro 
along the very "route of migration 
worked out by the linguists." Although 
their studies of word and grammar do 
not provide secure comparison dates, 
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all the current languages of the region 
do appear to have developed locally 
since about A . D .  900. The last major 
movement was the occupation of New 
Zealand. 

For that case there was a famous 
alternative hypothesis. The linguists 
held for a long time that the languages 
of the islanders must have come from 
the west. The only issue might be 
whether the route would have been 
first northward or southward from the 
Indonesian region. It was Thor Heyer
dahl on his unkempt raft, the Kon Tiki, 
who ended complacency by forcing on 
scholarly and public attention the new 
notion that migration had come first 
from Peru, later from North America. 
Heyerdahl did not deny the basic lin
guistic evidence; his voyagers had to 
have come around the subarctic rim of 
the Pacific long before the oceanic is
lands were settled. 

In the north the linguists found no 
trace of the speech they sought; in
stead the evidence showed a clear path 
across Melanesia. Recent blood-anti
gen studies confirm the linguistic dis
tances well. The dates of first settle
ment dug out by the spade concur. The 
islands that would have been the first 
ones occupied on Heyerdahl's model 
turn out to be the first by all three tests. 
The islets and the atolls were desert, 
virgin, until the canoes came; there 
were no human beings in place to 
blend their genes, their speech or their 
ways with those of the immigrants. 
This case is therefore the best we have, 
for there is no noise. 

The Eskimos and their cousins, the 
Aleuts, are related physically and by 
language, albeit a long way back, to 
the Chukchis of Siberia. The old view 
that their ancestors were Magdalenian 
hunters of ice-edge Europe who went 
west all the way to Alaska has no sup
port. The story is by no means simple. 
The Eskimos were not the first to settle 
the north. Their roots are in the Diuk
toid peoples, who inhabited the lands 
on both sides of the Bering Strait at 
the end of the Ice Age. The strait was 
dry land, Asian then, cut off by the 
ice from Canada. Millennium by mil
lennium a number of cultures began 
to occupy the entire region as the 
ice dwindled. Human beings reached 
Greenland in about 2000 B.C. from the 
Canadian islands. "For us, the Bering 
Strait is a boundary, to be traversed 
in order to reach the places . . .  where 
developments are taking place. For 
the Eskimos and their predecessors, 
the strait was a center from which 
traits spread."  

The modern Inuit carry mainly the 
Thulean cultural inheritance. That in
genious people, their tools so varied 

and deftly made as to "recall those 
of modern dentists," settled across the 
entire New World Arctic rim. They 
adapted as they went, yet they are rec
ognizable by the portable artifacts 
through which we can trace the Inuit 
migration. For 1 ,500 years and more 
they moved from east to west; they 
"did not pass through the Bering 
Strait; they started from it. "  

Migration and adaptation are here 
commingled. Professor Rouse puts 
it that the anthropological approach 
called structuralism attends to pat
terns and styles in kits of tools, where
as functionalism addresses the eco
logical adaptation to everyday life. 
He sees them at least in part as com
plements, not alternative methods, the 
one tracing the relics of the past, the 
other ordering the present. 

The case of Japan is treated next. 
The best evidence suggests that the 
Japanese people did not, as all the 
schoolbooks state, enter the islands 
from outside in about 300 B.C. Instead 
they spread to the northern islands af
ter they had developed the Japanese 
language and prototypical culture on 
Kyushu at an earlier date. In this ex
ample there is a discrepancy between 
linguistic and archaeological results, 
not yet understood. The conclusion 
must be held provisional. 

The fourth case is that of the peo
ple who greeted Columbus, the Taino 
(also called Arawak) of the Caribbean. 
We owe to them the words hurricane 
and cannibal, as well as the crops to
bacco, maize and pineapple. In ex
change they got mainly smallpox and 
measles, diseases that decimated the 
Classic Taino. This Caribbean exam
ple is more complex still. Whence did 
they come? It is conceded that their or
igins are somewhere on the plains of 
the Orinoco. But the tale is tangled, 
with much varied local development 
and evidence of interactions with the 
mainland. The chronological chart is 
complicated enough to require two 
pages: work in progress. 

Not many books that intend to dis
cuss method are as full of good sense 
as this one. It deals with explicit cases, 
tough cases at that. A reader is partiClI
larly caught by a point mentioned only 
lightly: population movements should 
not be studied without knowing a good 
deal about how people move. A land
lubber is struck by the fact that in the 
West Indies the two shores of a sea 
passage between islands are home to 
the same cultural series more often 
than the two ends of one island are. 
The mixture of detailed information 
and clear argument makes this critical 
essay, professionally aimed, attractive 
to a general reader. 
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Third-Generation Nuclear Weapons 
Unlike deployed nuclear weapons, which unleash their explosive 

energy indiscriminately, future nuclear weapons may selectively 

produce certain types of energy and concentrate them on targets 

D
uring the early 1950's American 

weapon laboratories were ex
ceptionally productive. They 

not only achieved dramatic improve
ments in the performance of fission 
bombs, which represent the first gener
ation of nuclear weapons, but also suc
ceeded in establishing a second gener
ation of nuclear weapons by harness
ing the explosive power of fusion in 
the form of the hydrogen bomb and its 
various derivatives. By the end of the 
1950's the warheads in the u.s. nucle
ar armament bore little resemblance 
to the bombs that had ushered in 
the nuclear age over Hiroshima and 
Nagasaki. 

Today a third generation of nucle
ar weapons is technologically feasible. 
By altering the shape of the nuclear ex
plosive and manipulating other design 
features, weapons could be built that 
generate and direct beams of radiation 
or streams of metallic pellets or drop
lets at such targets as missile-launch 
facilities on the ground, missiles in the 
air and satellites in space. These 
weapons would be as removed from 
current nuclear weapons in terms of 
military effectiveness as a rifle is tech
nologically distant from gunpowder. 

The surge of technical creativity 
that produced the first two generations 
of nuclear weapons can be explained 
largely by the fact that the national 
laboratories had massive funding, a 
mandate to pursue new weapon possi
bilities and unqualified Government 
support. Yet speaking as one who 
worked at that time on the design of 
nuclear weapons, perhaps the most 
stimulating factor of all was simply 
the intense exhilaration that every sci
entist or engineer experiences when 
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by Theodore B. Taylor 

he or she has the freedom to explore 
completely new technical concepts 
and then to bring them into reality. 

The Strategic Defense Initiative, un
der which a vigorous military research 
and development program is currently 
being carried out, could well generate 
conditions at the u.s. weapon labora
tories similar to those in the 1950's. 
The daunting technical challenge im
plied in President Reagan's call to 
search for a way to defend the nation 
against ballistic missiles is likely to 
spur modern-day weaponeers to con
sider radically new types of nuclear 
weapons-quite apart from concurrent 
advances in delivery and command
and-control systems. 

It would be logical for a weapon 
designer to build on the legacy of the 
first- and second-generation nuclear 
weapons, all of which transform mass 
into an abundance of energy that is 
then uniformly dissipated in a rough
ly spherical pattern. Such a new gen
eration of nuclear weapons might se
lectively enhance or suppress certain 
types of energy from the vast energy 
source provided by a nuclear explo
sion. Moreover, the lethal effects of a 
selected energy carrier (such as elec
tromagnetic radiation, subatomic par
ticles or expelled material) might be 
increased by distorting its normal pat
tern of emission into a highly asym
metrical one-in essence concentrating 
the energy in a certain direction. 

Indeed, nuclear weapons that deliv
er 1,000 or more times the energy per 
unit area on a target than does a con
ventional nuclear weapon are entirely 
plausible. Special components or ma
terials attached to the exterior of a nu
clear device could convert the energy 

released by its detonation into a differ
ent form; configuring the nuclear ex
plosive and its casing in certain ways 
could channel most of the energy in 
certain directions. Alternatively, the 
energy released from a nuclear explo
sion could be converted and directed 
by exploiting the effect such an explo
sion has on natural surroundings. Re
gardless of their original intent, if such 
weapons are built, they will undoubt
edly be modified for application in a 

- FIREBALL CORE 

- NEUTRONS 

- GAMMA RAYS 

- SHOCK WAVE 

- MICROWAVES 

VISIBLE AND INFRARED LIGHT 

PATTERN of energy emission distinguish
es current nuclear warheads from those 

likely to be developed in the near future. 
Current warheads (top) release their explo

sive energy in many forms, each of which is 
radiated uniformly outward. Hence the re
gion in which military equipment would be 
destroyed or incapacitated for each of the 

major energy types (color key above) can 
be roughly represented as spheres. In con

trast, warheads of future nuclear weapons 
could be equipped with devices that sup

press, convert and direct energy, enabling 

a significant fraction of the explosive ener
gy to be transformed into microwaves that 

are then concentrated on targets (bottom). 
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ARRAY OF EFFECTS listed in the key at 
the left could be militarily exploited by the 

next generation of nuclear weapons, which 

would suppress certain effects, heighten 

others and perhaps channel them in cer

tain directions as well. In space (top row) 
nuclear weapons could radiate incoherent 
X rays in all directions (a) or coherent X 

rays in a particular direction (b). Micro
waves can readily penetrate the atmos

phere and could therefore reach the sur

face of the earth from space, particularly 
if they were concentrated (c). Gamma rays 
also travel a certain distance through the 

© 1987 SCIENTIFIC AMERICAN, INC



J .. : ... ". 

i .'. 

f;) 
air and could be directed to targets in the upper atmosphere (d). The ionized weapon 

debris produced by a nuclear explosion above the atmosphere but within the earth's mag

netic field could produce a powerful pulse of long-wavelength electromagnetic radiation 
as it distorts the field (e). A similar effect can be achieved in the atmosphere (middle 
row): X rays can knock electrons loose from air molecules to create a sudden current 

surge through the air, which results in the emission of the radio-wave pulse (/). The more 

familiar neutron-emission (g), air-blast (h) and incendiary (i) effects of nuclear weapons 

could also be enhanced. Targets in space could be engaged by microwaves beamed upward 
(j). The energy of subsurface bursts (bottom row) could interact strongly with the sur

rounding medium to produce enhanced ground (k) or water (I) shock waves. The amount 

and distribution of radioactive fallout from nuclear weapons could be controlled, depend

ing on the materials chosen to encase the weapon as well as on whether the weapon is 

detonated underground (m) or underwater (n). Finally, the blast of a subterranean explo

sion could conceivably propel projectiles through a "cannon barrel" and into space (0). 

wide variety of strategic and tactical 
missions-offensive as well as defen
sive-in all kinds of environments. 

T ike previous generations of nucle
L ar weapons, members of the new 
generation would derive their enor
mous explosive energy from fission 
(the splitting of a nucleus by a neutron 
into two nuclei of comparable size) or 
a combination of fission and fusion 
(the joining of two light nuclei to form 
a heavier nucleus). Fission explosions 
are easier to produce and essentially 
amount to bringing together, in the 
space of about a microsecond (a mil
lionth of a second), enough fissile ma
terial (such as uranium 235 or plutoni
um 239) in a sufficiently small volume 
so that a huge number of fission
inducing neutrons can be quickly gen
erated in the materiaL The high-speed 
assembly of the fissile material is gen
erally achieved by precisely detonat
ing chemical-explosive charges in such 
a way as to propel subunits of the ma
terial together to form a single com
pressed mass. 

Initiating a fusion explosion is a 
much more complex affair, because 
extremely high temperatures (on the 
order of hundreds of millions of de
grees Kelvin.) are required. In fact, the 
only practical mechanism by which to 
generate such temperatures in a trans
portable device is a fission explosive. 
A pure-fusion explosive-without a 
fission trigger-reportedly still eludes 
weapon designers. 

Fusion reactions not only release 
substantially more energy per unit 
weight than fission reactions but also 
produce more high-energy neutrons. 
The additional neutrons can in fact 
"boost" the yield of a fission weapon if 
they are allowed to interact with urani
um or plutonium in the weapon's core. 
Hence placing small quantities of ther
monuclear fuel such as tritium or deu
terium (both are isotopes of hydrogen) 
in a fission weapon increases the over
all yield-to-weight ratio of the weap
on, since the added weight needed for 
boosting is insignificant. 

Unlike boosted weapons, in which 
the energy released by fusion does not 
significantly contribute to the overall 
weapon yield, so-called thermonucle
ar weapons derive a substantial part 
of their explosive energy from fusion 
reactions. The relative amounts of en
ergy attributable to fusion and fission 
depend on the design of the weapon. 
If a considerable amount of lithium 
deuteride (which, when it is irradiat
ed with neutrons, produces tritium) is 
compressed and heated by the energy 
released from a small fission-explosive 
trigger, the fraction of the total yield 
due to fusion in relation to the fraction 
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due to fission can become very large. 
Such weapons are sometimes called 
"clean" thermonuclear weapons, be
cause they release relatively few radio
active fission products. 

At the other extreme are weapons in 
which the thermonuclear fuel is en
closed in a substantial quantity of or
dinary uranium (uranium 238). The 
high-energy neutrons produced by fu
sion in the thermonuclear fuel can in
duce fission in the surrounding urani
um, multiplying the total fission yield 
considerably. 

The yield-to-weight ratios of pure 
fission warheads have ranged from a 
low of about .0005 kiloton per kilo
gram to a high of about . 1  kiloton per 
kilogram. (One kiloton is equivalent to 

the detonation of about 1,000 tons of 
TNT.) The overall yield-to-weight ratio 
of strategic thermonuclear warheads 
has been as high as about six kilotons 
per kilogram. Although the maximum 
theoretical ratios are 17 and SO kilo
tons per kilogram respectively for fis
sion and fusion reactions, the maxi
mum yield-to-weight ratio for U.S. 
weapons has probably come close to 
the practical limit owing to various 
unavoidable inefficiencies in nuclear
weapon design (primarily arising from 
the fact that it is impossible to keep 
the weapon from disintegrating before 
complete fission or fusion of the nu
clear explosive has taken place). Yet 
even the lowest yield-to-weight ratio 
of a pure fission weapon is orders of 
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EXPLOSION GENERATORS 

FOUR TYPES OF NUCLEAR EXPLOSIVES are depicted schematically; all but one 

rely on fission (the splitting of a nucleus by a neutron into two lighter nuclei). A weapon 

relying solely on fission for its explosive energy (a) consists of a core of fissile materi

al (uranium 235 or plutonium 239) surrounded by chemical-explosive charges and inert 
structures that focus the charges' blast energy inward, causing the core to implode and 
thereby initiate a runaway fission reaction. The yield of fission explosives can be "boost

ed" (b) by placing deuterium and tritium (isotopes of hydrogen) in them. The tempera

tures produced on detonation of a fission explosive cause the hydrogen isotopes to under

go fusion (the joining of nuclei), releasing substantial quantities of neutrons, which induce 

more fission reactions. In boosted weapons the fusion reaction does not contribute signifi

cantly to the total yield of the weapon. Fusion reactions can account for most of a nuclear 

weapon's yield, however, if a substantial amount of such a thermonuclear fuel as lithium 

deuteride is exposed to the energy released by fission (c). An outer shell of normal urani

um (uranium 238) serves to hold the warhead together just a fraction of a microsecond 

longer before it blows apart, enabling the nuclear reactions to produce more energy. Also, 

when it is irradiated with neutrons produced by fusion, the U-238 itself undergoes fission. 

A pure-fusion weapon (d), which dispenses with a fission trigger by applying laser, elec
tron or ion beams to implode thermonuclear fuel, reportedly eludes weapon designers. 
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magnitude higher than the ratio of 
chemical explosives. 

I ndeed, the discharge of energy from 
a detonated nuclear weapon is so 

massive and violent that it immediate
ly vaporizes and ionizes the weapon it
self, converting it into plasma: an ex
tremely hot gas of positively charged 
ions and negatively charged electrons. 
In addition substantial quantities of 
gamma rays and neutrons are emitted 
as by-products of the fission and fu
sion reactions. The kinetic energy of 
the weapon-debris plasma as well as 
the nuclear emanations constitute 
what could be called the primary ef
fects of a nuclear explosion; they arise 
in any nuclear burst, regardless of the 
environment in which it takes place. 

Plasma at the temperatures prevail
ing just after a nuclear explosion radi
ates X rays. Indeed, about 70 percent 
of the energy emitted in the first few 
microseconds after an explosion con
sists of this radiation. The exact frac
tion of the total explosive energy re
leased in the form of primary X rays 
tends to increase with the yield-to
weight ratio, since the ratio determines 
the overall temperature of the weap
on-debris plasma. The greater the 
amount of energy dissipated in the 
form of X rays, the less the kinetic en
ergy of the expanding weapon-debris 
plasma. A typical plasma velocity for 
a thermonuclear weapon with a high 
yield-to-weight ratio would be about 
1,000 kilometers per second, repre
senting some 10 percent of the total ex
plosive energy. 

Gamma rays that are emitted with
in a second or so of the explosion (so
called prompt gamma rays) account 
for about 3.5 percent of the total ener
gy released by fission and for as much 
as 20 percent of the energy released 
from some cycles of thermonuclear re
actions. In current types of nuclear ex
plosives all but a few percent of these 
gamma rays are absorbed within the 
weapon. The kinetic energy of excess 
neutrons accounts for about another 
1. 8 percent of the energy released by 
fission and, depending on the type of 
thermonuclear fuel, between' 40 and 
80 percent of the energy released by 
fusion. High-energy neutrons, howev
er, tend to be slowed down by inelastic 
scattering or collision with light ele
ments in the materials of implosion 
systems. The average energy of the 
neutrons that actually escape capture 
in the weapon materials and are re
leased into the environment is there
fore typically much lower. This effect 
is particularly pronounced in thermo
nuclear weapons, since the fuel con
sists of light elements. Indeed, in such 
weapons the energy of the neutrons is 
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ATMOSPHERIC PENETRATION of the energy emitted by a 

nuclear burst in space depends on the energy type_ Radiation in 

the microwave, infrared and visible ranges of the electromagnetic 

spectrum could reach the ground with relatively little attenuation. 

deliberately deposited within the ther
monuclear fuel, since neutrons play a 
vital role in maintaining the elevated 
temperatures needed to achieve high 
reaction rates. 

Most nuclear-weapon development 
for the past 40 years has not had 

the aim of significantly enhancing or 
suppressing particular forms of ener
gy other than by adjusting the relative 
amounts of fission and fusion taking 
place in the warhead. One exception 
is the so-called neutron bomb [see 
"Enhanced-Radiation Weapons," by 
Fred M. Kaplan; SCIENTIFIC AMERI
CAN, May, 1978]. A neutron bomb is 
a low-yield thermonuclear explosive 
specifically designed for an increased 
output of high-energy neutrons per kil
oton of total yield. It is intended to be 
a nuclear antipersonnel weapon that 
produces minimal concomitant blast 
damage and radioactive fallout. 

Yet just as a nuclear weapon can be 
designed to enhance its output of pri
mary neutrons at the expense of blast 
and radioactive fallout, virtually any 
other primary energy released by a nu
clear explosive could similarly be en
hanced by placing appropriate materi
als in suitable geometries close to the 
explosive. Significant control over the 

amount and energy of X-radiation, for 
example, could be achieved by chang
ing the average molecular weight of 
the materials in the weapon, the weap
on's exterior surface area and the way 
the energy generated in its core is dis
tributed over the expanding front of 
weapon debris after detonation. 

Changes in the design of thermonu
clear weapons could also substantially 
increase the energy accounted for by 
prompt gamma rays. One possibility is 
to encase the weapon with an isotope 
that, when it is bombarded with neu
trons, emits gamma rays. In this way 
excess fission or fusion neutrons es
caping from the weapon's core could 
induce the emission of gamma rays, 
nearly half of which would leave the 
expanding explosion debris. (The oth
er half would radiate inward and be 
absorbed by the debris material.) 

The quantities of radioactive fission 
products (the main component of fall
out) among the weapon debris could 
similarly be controlled over very wide 
ranges, particularly for thermonuclear 
weapons with yields greater than a few 
hundred kilotons. Furthermore, by 
blanketing the weapon with isotopes 
that, when they are irradiated with 
neutrons, produce radioactive nuclei 
having selected half-lives and decay 

modes, the lethality of the radioactive 
fallout could be increased. 

The effects of a nuclear explosion 
could also be made directional in 

the same way high-explosive devices 
such as conventional shaped charges 
can produce armor-penetrating jets of 
molten metal or directional shrapnel. 
By considering how explosive charg
es of nonspherical shape release their 
energy some insight can be gained on 
how this could be done [see illustration 
on next page]. 

Detonating a disk of high explosive 
all at once, for example, causes the ex
plosion products to be fiung out in 
a characteristic double-cone pattern. 
The reason is that the velocity of the 
explosion products in a direction per
pendicular to the disk's two surfaces 
will be higher than their radial veloci
ty. The apex angle of the cones will be 
determined by the ratio of the thick
ness of the disk to its diameter. The av
erage total kinetic-energy fiux (energy 
per unit area per unit time) of the ex
plosion products crossing a plane per
pendicular to the axis of the double 
cone could therefore be considerably 
greater than it would be if the same 
mass of high explosive expels its prod
ucts spherically. If the average veloci-
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ty of the explosion products in the di
rection of the cone's axis is 40 times 
their average radial velocity (corre
sponding to a cone angle of about 
three degrees), the enhancement factor 
would be about 3,000. 

Another example is the detonation 
of a long, thin cylinder of high explo
sive. In this case the highest explosion
prod uct velocities would be perpen
dicular to the axis of the cylinder. 
Hence the explosion products would 
tend to preserve a cylindrical pattern; 
the energy-flux enhancement factor in 
this example tends to be smaller than 
the factor in the preceding one. 

A final example is a charge of high 

\ \ 

j \) 

explosive that is tamped, or restricted, 
by dense material in all directions ex
cept forward. In such a case the explo
sion products would be projected pri
marily forward. The additional weight 
entailed by the inert mass around the 
explosive is more than balanced by the 
concentration of the energy through 
the opening in the tamper. That is why 
a rifle bullet can produce much greater 
damage to a target than the detonation 
of a mass of high explosive having the 
same weight as the rifle. 

Of course, nuclear reactions release 
many more forms of energy at much 
higher intensities than chemical high 
explosives, including gamma rays, X 

< ) 

FLAT, DISK-SHAPED EXPLOSIVE 

LONG, THIN C YLINDRICAL EXPLOSIVE 

TAMPED EXPLOSIVE 

rays, neutrons and a wide variety of ra
dioactive nuclei. It is clear that even 
nuclear explosives of very low yield 
offer many more opportunities than 
chemical explosives to produce such 
directional effects. 

Most of a nuclear explosion's lethal 
effects are actually secondary 

effects resulting from the interaction 
of the kinetic energy of the weapon
debris plasma and the initial radiation 
(namely X-radiation) with the medium 
in which the detonation takes place. 
Hence many nuclear-explosion phe
nomena of military interest are deter
mined by properties of the medium 

( ( 

\ ) \ 
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SHAPED CHEMICAL CHARGES can eject their explosion 

products (primarily blast and weapon debris) in markedly non
spherical patterns. A flat disk of chemical explosive, for example, 

emits its products in a characteristic double cone. Setting off a 

long, thin cylinder of explosive produces a cylindrical pattern of 

emIssIOn. Finally, by tamping, or restricting, the effects of the 
explosion with inert, dense material in all but one direction, the 

explosive products can be concentrated in that direction. Nucle

ar explosives could presumably apply such directional effects to 

control the pattern in which their explosive products are emitted. 
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such as its pressure, density and com
position. It is the variations in these 
properties that account for the wide
ly divergent responses associated with 
nuclear bursts in space, in the atmos
phere, on the surface of the earth and 
below the earth's surface. By choosing 
the appropriate primary effects to 
be enhanced or suppressed, depending 
on the prevailing environmental con
ditions, the secondary effects of the 
weapon can be more efficiently trans
mitted to targets. 

Because space is essentially empty, 
there is no medium with which to in
teract, and the primary products of 
a nuclear explosion (X rays, weapon
debris plasma and nuclear radiation) 
continue to travel in the same direc
tions in which they were released until 
they hit something or are deflected by 
the earth's magnetic or gravitational 
field (depending on whether they have 
respectively electric charge or mass). 
That is why initial asymmetries in the 
distribution of mass in an explosive set 
off in space tend to be preserved out to 
great distances in the pattern of the en
ergy radiated. 

If a nuclear explosive is detonated 
above the atmosphere but within the 
earth's magnetic field, the plasma ex
panding in directions more or less per
pendicular to the magnetic field lines 
will distort the field. When this hap
pens, a large fraction of the kinetic en
ergy in the weapon debris is converted 
into electromagnetic energy, resulting 
in the emission of a sudden burst of ra
diation with a broad range of wave
lengths-from a few meters to hun
dreds of kilometers or more. Such an 
electromagnetic pulse (EMP) can repre
sent a substantial fraction of the total 
energy of the explosion and can propa
gate with little attenuation through the 
atmosphere to the earth's surface. 

Nuclear explosions in space or in 
the high-altitude regions of the atmos
phere can prod uce another type of 
EMP. In this case gamma or high-en
ergy X rays striking the upper part of 
the atmosphere cause electrons to be 
ejected from air molecules. Such a 
sudden cascade of electrons is equiva
lent to a huge surge of electric current. 
Since the current would not be spheri
cally symmetrical (it would flow pre
dominantly in the direction of high
er air density, namely downward) and 
would vary with time, it would gen
erate transient magnetic fields that in 
turn would produce electromagnetic 
radiation in the form of an EMP. 

. 

As a result of the approximately ex
ponential increase in the density of the 
atmosphere with decreasing altitude, 
much of the energy radiated down
ward by a nuclear explosion above the 
atmosphere is deposited in the atmos-

phere's upper reaches. Deposition of 
this energy can sometimes produce se
vere secondary effects that then prop
agate to the surface of the earth. X 
rays and weapon debris at sufficiently 
high fluences (total energy per unit 
area) can, for example, heat the atmos
phere to such high temperatures that it 
radiates visible light and infrared radi
ation. Gamma rays, neutrons and X 
rays released by the weapon, as well as 
the decay products of radionuclides, 
can directly or indirectly generate 
electric currents in the layer of the at
mosphere where they deposit their en
ergy. These currents can then generate 
other EMP'S whose wavelengths and in
stantaneous power levels extend over a 
very wide range. Heating of the atmos
phere can also initiate complex chemi
cal reactions that affect its transmis
sion and reflection of radio waves. 

In the lower atmosphere, under
ground or underwater the primary X
radiation leaving an exploding nuclear 
weapon is absorbed by the atoms and 
molecules of the surrounding medium 
within a few meters of the point of det
onation. Consequently the medium is 
quickly heated, forming a fireball, 
which in turn reemits electromagnetic 
radiation of lower frequencies. Most 
of this radiation is in the visible and in
frared regions of the spectrum and can 
travel considerable distances through 
the air. 

The radiative energy also combines 
with the kinetic energy of the outward
ly expanding plasma to produce a 
pressure impulse of tremendous force 
on the surrounding medium. Such an 
impulse forms a shock, or blast, wave 
that propagates through the medium. 
The denser the medium, the greater 
the amount of energy transformed into 
the shock wave. Hence for explosions 
in water or earth a larger percentage 
of the explosion's energy is converted 
into a shock wave than is the case for 
explosions in air. 

Surface, subsurface or very-low-al
titude explosions can also fling huge 
quantities of dust, crater debris, man
made structures or water into the air 
that can directly or indirectly cause 
considerable destruction. Moreover, 
much of this material is likely to be 
rendered radioactive, thereby severely 
contaminating extensive areas through 
fallout. 

Forms of energy that are not normal
ly released as primary or second

ary effects can also be generated from 
the vast energy supply provided by a 
nuclear burst. Furthermore, such ener
gy can be channeled into small emis
sion angles. The key question about 
such weapons (which cannot be an
swered in detail here because the sub-

ject is classified) is how to convert a 
substantial fraction of the energy of a 
nuclear explosion into a particular en
ergy that can be emitted with high di
rectional enhancement. Suffice it to 
say that electromagnetic energy with 
wavelengths typical of gamma rays, X 
rays, visible light and microwaves can 
be focused by the equivalent of lasers: 
devices that cause the atoms or mole
cules of a material to radiate in phase. 
Longer-wavelength radiation can be 
emitted directionally if such weapons 
are equipped with the equivalent of 
antennas. The problem in either case is 
how to channel the torrential flow of 
energy from a nuclear explosion into 
an energy-conversion and -direction 
device in the few microseconds before 
the entire weapon assembly disinte
grates. Another option, which may 
simplify the problem somewhat, is to 
set off nuclear devices in a reusable 
containment structure from which the 
explosive energy could then be tapped. 
Such structures, designed to withstand 
explosions with yields of up to perhaps 
one kiloton, have in fact been under 
study for several decades. The Law
rence Livermore National Laboratory 
has recently considered a proposal to 
construct such a chamber in which 
a variety of nuclear effects could be 
studied. 

For ground-based weapons intended 
to attack targets in space the weight of 
the needed equipment is not critical; 
for space-based weapons it is, howev
er. It is therefore to be expected that 
the technical approaches for develop
ing ground-based directed-energy nu
clear weapons will be different from 
those required for similar weapons in 
space. Some advantages that ground
based weapons have over weapons 
placed in space include avoidance of 
treaties banning nuclear weapons in 
space, accessibility to large and heavy 
conversion equipment (with associat
ed higher directivity and greater effi
ciency of conversion of the explosion 
energy into the form radiated), much 
lower cost and possible reusability of 
the equipment. 

Conversion of the explosion energy 
into more tractable electrical-energy 
pulses can be accomplished by mag
netohydrodynamic generators: devices 
that convert a plasma's kinetic energy 
directly into electricity. (Such devices 
have been proposed for converting fu
sion energy in a power reactor into 
electricity.) The pulses of electrical en
ergy could then drive devices for con
version of the electricity into electro
magnetic radiation (with or without 
an attendant self-destruction of the de
vice) that could be tightly focused to
ward targets in space. In most cases the 
low efficiency of such energy conver-
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sion can be more than compensated 
for by a high degree of focusing in the 
direction of a target. 

An extremer possibility is the use of 
a relatively small nuclear explosion 
deep underground to accelerate very 
large projectiles through the equiva
lent of a cannon barrel. These so
called hypervelocity projectiles would 
reach velocities close to earth-escape 
velocity (about 10 kilometers per sec
ond). Appropriately shaped, compact 
projectiles can thus penetrate the at
mosphere in a way that is somewhat 
analogous to penetration of the atmos
phere by large meteorites. Such pro
posals were studied as long ago as the 
late 1950's as a method for placing 
massive loads of materials in space at 
relatively low cost. 

The kinetic energy of, say, 10 tons 
of material moving at 10 kilometers 
per second is the equivalent of about 
100 tons of TNT. This suggests that rea
sonably efficient use of a nuclear ex
plosion with a yield in the vicinity of 
one kiloton could provide more than 
enough propulsive energy. If the "can
non barrel" were a few hundred me
ters long, the average acceleration of 
the projectile would be on the order of 
10,000 times the acceleration of the 
earth's gravity, which is not beyond 
the strain-bearing capacity of a com
pact, high-density projectile. Subse
quent fragmentation of such a projec
tile into solid chunks or liquid droplets 
could make it a highly effective weap
on for destroying satellites or ballistic
missile warheads in space. 

Another possibility is to design nu
clear weapons so that the act of deto-

TYPE OF ENERGY 
MICROWAVE AND 

LONGER-WAVELENGTH 
RADIATION 

GAMMA RAYS AND 
HIGH-ENERGY 

NEUTRONS 

nation itself directly accelerates mate
rial on the weapon that immediately 
fragments into small pellets or drop
lets moving at velocities substantially 
greater than 10 kilometers per second. 
Such weapons could readily focus the 
hypervelocity fragments into a conical 
volume, but they would have to have a 
mechanism to control the acceleration 
process in order to avoid vaporizing 
the fragments. In addition they would 
probably be limited to attacking tar
gets in space or in the upper atmos
phere, since at low altitudes the ranges 
of such fragments are much less than 
the distances at which the detonation's 
air blast causes severe damage. 

The damage an object is likely to 
suffer when it is exposed to the 

gamut of energy types emanating from 
a nuclear explosion can be roughly 
calculated by estimating the type of 
energy likely to reach the object, the 
way in which damage could be done 
and in many cases the rate of deposi
tion of the energy. This aspect of the 
effects of nuclear explosions is ex
tremely complex and often not well 
understood. 

Ranges of total energy fluence that 
can cause temporary malfunction or 
permanent damage in military or civil
ian targets vary over nine orders of 
magnitude [see illustration below]. The 
effects of the longer-wavelength radia
tion (such as that produced by an EMP) 
at the low end of the energy-fluence 
scale are the subtlest and the most dif
ficult to assess and are therefore the 
most uncertain. 

A fluence of . 1  joule per square me-

ter is one million times greater than 
an easily detectable one-second radio 
signal emitted by a 10-kiiowatt spher
ically symmetrical radio transmitter 
100 kilometers away. Yet commercial 
and military communications and ra
dar transmissions prod ucing smaller 
fluences have been known to cause ac
cidental firings of high-explosive det
onators and malfunctions in comput
ers and other electronic and electrical 
equipment. These effects would be 
similar to those produced by the EMP 
from nuclear explosions. Indeed, the 
effects of electromagnetic radiation on 
military ordnance have prompted ef
forts to protect against it. Some meas
ures include enclosure in conducting 
shields and avoidance of components 
that can be sensitive to even small 
pulses of current induced by electro
magnetic radiation that has leaked in. 
Yet these measures have not always 
been entirely successful. 

Some components of electronic sys
tems, such as transistors, can be very 
sensitive to small currents and other 
effects resulting from gamma-ray and 
neutron bombardment. These effects 
can be minimized by shielding or by 
avoidance of highly sensitive compo
nents. Yet the general lack of protec
tive measures in nonmilitary space 
systems makes them particularly vul
nerable to such nuclear radiation. 

Gamma rays, neutrons, high-energy 
X rays or radionuclides impinging on 
targets in space can also cause the tar
get to become charged to a potential 
that is on the order of the maximum 
energy of ejected charged particles. 
It is possible that the electric field 
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necessary to achieve such effects on military equipment. Since rel-
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atively small fluences of microwave or longer-wavelength radia

tion are sufficient to cause damage, such kinds of radiation may be 

the energy types emphasized in third-generation nuclear weapons. 
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strength near the surface could reach 
values on the order of one million 
volts per meter, sufficient to induce 
malfunctions or permanent damage in 
some types of internal electrical sys
tems that are not well shielded. 

Unlike neutrons or gamma rays, hy
pervelocity fragments would pit the 
surface of a target. Exceedingly rapid 
ejection of the material during the pit 
formation drives a strong shock wave 
into the target. Because of their high 
velocities, which are up to about 100 
times faster than a high-speed rifle 
bullet, hypervelocity fragments weigh
ing much less than one gram can do 
considerable damage when they are 
aimed at targets in space. 

Visible light or infrared radiation re
leased as a secondary effect from the 
heating of the atmosphere primarily 
causes damage by igniting combusti
ble materials on the surface of targets. 
Even if the target surface is not com
bustible, nonuniform heating of the 
surface can nonetheless cause damage 
from the resulting thermal stresses. 

Incident high-energy X-radiation or 
weapon-debris plasma damages a tar
get in space principally by the rapid 
blowoff of vaporized material from 
the target's surface. If X rays are the 
agent, the resulting shock can be trans
mitted through the outer layers of the 
object, causing the inside surfaces to 
shatter, presuming the time necessary 
to deposit the incident energy is short 
compared with the time required for 
the shock to reach the inner surface. 
Such a process is called spalling. For 
incident weapon-debris plasma, how
ever, spalling does not generally occur. 
The reason is that it takes too long for 
the weapon-debris plasma to depos
it its kinetic energy. In any case, the 
overall momentum transferred inward 
from the surface blowoff can result in 
incapacitating damage even if there is 
no interior spalling. 

To help make these estimates more 
accessible, one can consider the 

range within which a particular energy 
carrier can produce destructive effects 
[see illustration on this page]. Potential
ly huge damage ranges (or, equivalent
ly, large fluences at a given distance) 
can be readily achieved by emitting 
energy within a narrow angle. Micro
waves that have wavelengths between 
three centimeters and one meter are 
particularly suited for such directional 
enhancement because the atmosphere 
is essentially transparent over this 
range, making it possible to use the ra
diation for ground-to-space, space-to
ground and space-to-space applica
tions. Also, the ranges of the micro
wave-energy fluence needed to cause 
damage to many types of military and 
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MAXIMUM DISTANCE from the detonation of a nuclear weapon at which damage can 
be done to military targets in space depends on the type of energy causing the damage 
and how much of the total explosive energy it represents. Two cases are considered: a 

one-kiloton weapon (black) and a one-megaton weapon (color). (A kiloton is the energy 
equivalent of the detonation of 1,000 tons of TNT; a megaton is 1,000 kilotons.) The bars 

indicate the range of damage-radius estimates for plausible third-generation weapons, 

whose energies have been enhanced but not directed. The percentage of the total explo

sive energy funneled into each particular energy type is indicated next to each pair of 
bars. Much greater damage radii could be achieved if the weapons focus their energy. 

civilian targets are the lowest of all 
forms of electromagnetic radiation. 

The military potential of directed 
microwave beams is therefore awe
some. Suppose, for example, it should 
become possible to convert 5 percent 
of the energy released by a one-kiloton 
explosion into three-centimeter radia
tion that is emitted by a 50-meter
diameter antenna or an equivalent mi
crowave laser. The explosion of such a 
device in a 30,000-kilometer geosyn
chronous orbit would deposit about 
800 joules per square meter over an 
area of 250 square kilometers on the 
earth's surface (larger than the area of 
Washington, D.C.). This estimated en
ergy fluence is greater than the level 
known to cause severe damage to 
many types of electrical equipment
computers, antennas, relays and pow
er lines. Of course, at much shorter 
distances the energy fluence would be 
much larger, about five million joules 
per sq uare meter at a distance of 400 
kilometers. 

The development and deployment 
of such a microwave weapon would 
greatly complicate both offensive and 
defensive military tactics and strategy. 
It could, for example, cause temporary 
malfunctions or permanent damage 
in the complex electronic and electri
cal equipment that is typically found 
in military systems for surveillance, 
tracking, communications, navigation 
and other command-and-control func-

tions. Because the atmosphere is virtu
ally transparent to microwaves, either 
the beam-generating device or the in
tended target could be based in space, 
in the atmosphere or on the earth's sur
face. In any event, the deployment of 
such weapons is likely to undermine 
confidence in the wartime reliability 
of strategic and tactical forces, includ
ing those forces that constitute the ulti
mate deterrent to nuclear war. 

How likely is it that these third-gen
eration nuclear weapons will ac

tually be developed and deployed? 
The answer depends largely on the 
character and extent of support pro
vided by both the U.S.S.R. and the 
U.S. to their respective national weap
on laboratories. Since developments in 
the military realm of one country in
variably elicit emulative responses 
from the other, the likelihood strongly 
depends on what is perceived to be the 
pace of the adversary's research and 
development in this area. 

One key indicator of the extent of a 
country's effort is the frequency of nu
clear testing. If the U.S. continues and 
the U.S.S.R. resumes underground nu
clear testing even at levels substantial
ly lower than the ISO-kiloton limit 
stipulated in the Threshold Test Ban 
Treaty, it will probably be just a mat
ter of time before these new types of 
offensive and defensive nuclear weap
ons are developed. 
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How Photoreceptor Cells 
Respond to Light 

New information about how light energy is changed into neural 

signals shows how an individual photoreceptor cell of the eye 

registers the absorption of a single photon, or quantum of light 

by Julie 1. Schnapf and Denis A. Baylor 

Vision begins with the conversion 
of packets of electromagnetic 
energy called photons, or quan

ta, into neural signals the brain can an
alyze. The translation is accomplished 
by the photoreceptor cells of the eye. 
They lie in a mosaic at the back sur
face of the retina, the plate of neurons 
lining the inside of the eyeball. The 
cornea and lens of the eye form an im
age of the outside world on the layer of 
photoreceptors. Each cell absorbs the 
light at one point of the image and gen
erates an electrical signal that encodes 
how much light has been absorbed. 
The signals are transmitted through an 
elaborate array of synapses, or neural 
junctions, in the retina and brain. At 
these junctions signals from the pop
ulation of photoreceptors are pooled 
and compared. The process enables 
the visual system to obtain informa
tion about form, movement and color 
in the outside world. 

Given the key role of the photore
ceptors in vision, it is surprising that 
for a long time not much was known 
about how they operate. The situation 
has changed dramatically over the 
past quarter century or so. Improved 
methods for making electrical record
ings from individual photoreceptors 
have provided detailed information 
about the mechanism by which light 
energy is transduced into neural sig
nals. The new techniques have made it 
possible to observe directly the signal 
triggered by the absorption of a single 
photon. Such measurements have also 
led to simple explanations for sever
al features of overall visual perfor
mance, such as why we perceive dim 
stimuli more slowly than bright ones, 
why we sometimes see light in com
plete darkness and why certain mix
tures of different wavelengths evoke 
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the same color sensation as light of a 
single wavelength does. 

I
n the eyes of most vertebrates there 

are two types of photoreceptors: 
rod cells and cone cells. Rods mediate 
vision in dim light but are so sensitive 
that they become overloaded and inca
pable of signaling in ordinary daylight. 
Daylight vision is mediated by cones, 
which operate successfully at high 
light levels. Cone vision is richer in 
spatial and temporal detail and makes 
it possible to sense colors. 

Rods and cones bear specialized or
ganelles for transducing and transmit
ting signals. At one end of the cell (far
thest from the lens) is the so-called 
outer segment, which absorbs light 
and generates electrical signals. At the 
other end of the cell is the synaptic 
ending, which relays the signals to 
other neurons (bipolar and horizon
tal cells) in the retina by secreting a 
chemical transmitter. Between the out
er segment and the synaptic ending lies 
a region called the inner segment. 

The outer segment of a rod is cy
lindrical, whereas the outer segment 
of a cone usually tapers-hence the 
names rod and cone. Both kinds of 
outer segment contain a large expanse 
of photosensitive membrane studded 
with light-absorbing pigment mole
cules. Rods contain the reddish pig
ment rhodopsin. In the human retina 
there are three kinds of cone, each of 
which contains a pigment that absorbs 
strongly in the short-, middle- or long
wavelength region of the visible spec
trum. The differences in the absorp
tion bands of the three cone pigments 
provide the basis for color vision. In 
starlight, when vision is mediated by 
rods, all objects appear colorless. 

In the rods the photosensitive mem-

brane consists of an orderly pile of 
disks inside a separate surface mem
brane, resembling a stack of coins in
side a test tube. In the cones, on the 
other hand, the photosensitive mem
brane consists of one large, elaborate
ly folded sheet that also serves as the 
surface membrane. The membrane to
pology of the rods indicates that a dif
fusible substance, an "internal trans
mitter," relays information from the 
disks, where light is absorbed, to the 
surface membrane, where the electri
cal signal is generated. Evidence from 
many laboratories now indicates that 
the transmitter is a nucleotide, cyclic 
guanosine monophosphate (cG MP), 
which also takes part in transd uction 
in cones. 

How does the absorption of light by 
a rod or a cone generate an electrical 
signal? The answer requires an under
standing of how the photoreceptor be
haves in darkness. One might naively 
think the cell would be dormant in the 
absence of light; in reality, however, 
the cell is abuzz with activity. The 
membrane of a photoreceptor, like the 
membrane of other cells, separates so
lutions that have different concentra
tions of ions (atoms with a net electric 
charge). The solutions both outside 
and inside a photoreceptor contain 
positively charged sodium ions and 
positively charged potassium ions. 

ROD CELLS AND CONE CELLS in the 
retina of the tiger salamander are enlarged 
2,000 diameters in a scanning electron mi
crograph made by Scott Mittman and Ma
ria T. Maglio of the University of Califor
nia at San Francisco. The cylindrical cells 
are the rods, the smaller conical cells the 
cones. The photoreceptor cells of the hu
man retina are roughly four times as thin. 
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Outside the cell the concentration of 
sodium ions is high and of potassium 
ions low; inside the cell the concentra
tion of potassium ions is high and of 
sodium ions low. The concentration 
differences are maintained by the ac
tion of a "pump" that uses metabolic 
energy to extrude sodium and draw in 
potassium. 

In the resting state the membranes 
of most neurons allow potassium ions 
to cross them more freely than other 
ions. Because potassium ions are more 
concentrated inside the cell, they tend 
to diffuse across the membrane to the 
outside. As the diffusion proceeds, 
charge is moved from the inner to the 
outer surface of the membrane. The 
transfer of charge causes the internal 
potential to become negative with re
spect to the outside, typically by as 
much as . 1  volt. In a photoreceptor the 
permeability to the potassium ions is 
highest at the inner segment and sy
naptic ending. 

In darkness a photoreceptor also has 
an appreciable permeability to sodium 
ions. The sodium ions flow from the 
more concentrated external solution 
into the outer segment, carrying an in
wardly directed electric current. The 
inward current is balanced by the out
ward current of potassium ions from 
the rest of the cell. The loop of current 
is called the dark current. 

W
hen a rod or a cone absorbs light, 
the influx of sodium is blocked. 

This reduces the dark current and al
lows the negative polarization of the 
cell interior to increase. The negative 
swing of the transmembrane voltage 
is called a hyperpolarization and the 
reduction in dark current is known 
as a photocurrent. The dark current 
and photocurrent were first described 
in about 1970 by William A. Hag
ins, Richard D. Penn and Shuko Yo
shikami, then at the National Institute 
of Arthritis and Metabolic Diseases. 

They measured the currents around a 
large popula�ion of rods. 

The light-evoked hyperpolarization 
is generated at the outer segment but 
spreads to the synaptic ending, where 
it is communicated to other retinal 
cells. The hyperpolarization can be re
corded with a microelectrode placed 
inside one of the relatively large rods 
or cones found in the retina of certain 
fishes, amphibians and reptiles. Ex
periments of this type were pioneered 
in the mid- 1960's by Tsuneo Tomita 
and his colleagues at Keio University 
in Japan. These recordings show that 
the transmembrane voltage is about 
-40 millivolts (mY) in the dark. A 
flash of light causes a hyperpolariza
tion that increases with the strength 
of the flash. After a very bright flash 
the response reaches a limiting size of 
about 30 mY, at which the membrane 
voltage is -70 mY. 

In 1975 Robert Fettiplace and one 
of us (Baylor) at the Stanford Univer-

© 1987 SCIENTIFIC AMERICAN, INC



t----DISKS---------aF 

·�---SURFACE-----7.!, 
MEMBRANE 

CONE ------+1......, 
PIGMENT 

.--- OUTER ___ -I. 
SEGMENT 

SEGMENT 

ROD CONE 

RODS AND CONES differ in both form and function but have certain similarities. The 
upper part of the cells, which is called the outer segment, contains light-absorbing pig
ment molecules; the lower part, the inner segment, contains mitochondria and the nucle
us. The synaptic ending links the photoreceptors to other retinal cells. Rods mediate 
vision in dim light; cones mediate vision in daylight. In the human retina there are three 
types of cone. Each of them incorporates a pigment that absorbs strongly in the blue, 
green or red region of the visible spectrum, providing the foundation for color vision. 
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sity School of Medicine showed that 
the hyperpolarization is indeed neces
sary and sufficient for controlling the 
flow of information across synapses to 
other visual neurons. In order to simu
late and prevent the light-evoked hy, 
perpolarization, we employed an in
tracellular electrode to pass an electric 
current into a single photoreceptor. Si
multaneously we monitored the re' 
sponses of another cell, called a gangli
on cell, farther along in the chain of 
retinal neurons. We successfully re' 
produced the response of the ganglion 
cell to a small spot of light applied to 
the photoreceptor by artificially hy
perpolarizing the photoreceptor in 
darkness. Moreover, the ganglion cell 
failed to respond when we blocked the 
light-evoked hyperpolarization by in
jecting a depolarizing current. 

H
ow does the absorption of light 
block the influx of sodium ions 

at the outer segment? In the dark both 
rods and cones have a high concentra
tion of cyclic guanosine monophos
phate. This substance binds to pores 
in the surface membrane and opens 
them, allowing sodium ions to enter. In 
the light the concentration of cG MP 
drops, cG MP leaves the binding sites 
and the pores close. The permeability 
of the membrane to sodium atoms is 
thereby decreased and the membrane 
hyperpolarizes. 

The chain of molecular events lead
ing to the reduction of cGMP con
sists of three steps. George Wald and 
his colleagues at Harvard University 
showed some years ago that the pig
ments in both rods and cones contain a 
light-absorbing component called 11-
cis retinal, coupled to a protein that 
"tunes" the absorption to a particular 
region of the visible spectrum; the pro
teins of the rod pigment rhodopsin and 
the three cone pigments are different. 
When the retinal in rhodopsin absorbs 
a photon of light, it changes configu
ration, causing the protein part of the 
molecule to become enzymatically ac
tive. As Lubert Stryer and his fel
low workers at Stanford subsequently 
showed, the active form of rhodopsin 
catalytically activates many molecules 
of a protein Stryer and his co-work
ers named transducin. The activated 
transducin molecules in turn activate 
an enzyme that cleaves cG MP. The 
system behaves like a chemical pho
tomultiplier. Absorption of a single 
photon by rhodopsin causes the rapid 
breakdown of hundreds of molecules 
of cG MP and blocks the entry of a 
million sodium ions. 

Recently strong evidence in support 
of the idea that cG MP does indeed 
control the transport of sodium ions 
through the surface membrane was 
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obtained by Evgeniy Fesenko and his 
colleagues at the Academy of Sciences 
of the U.S.S.R. They touched a patch 
pipette-a glass capillary with a tip 
about a micrometer (one millionth of 
a meter) in diameter-to the surface 
membrane of the outer segment of a 
rod from a frog retina. By applying 
gentle suction to the pipette and rap
idly withdrawing it, they excised the 
patch of membrane that adhered to 
the tip. They found that when they ex
posed the patch to cGMP, it became 
permeable to sodium. 

The molecular mechanism of the 
cG MP-regulated sodium movement 
was not clear until Anita Zimmerman 
in our laboratory and Lawrence 
Haynes and King-Wai Yau of the Uni
versity of Texas Medical Branch at 
Galveston succeeded in showing that 
the current passing through a single 
permeation site can exceed a million 
sodium ions per second. Such a flux 
surpasses by two orders of magnitude 
the transport rates of membrane car
rier molecules that must undergo a 
configuration change to trans locate 
ions one or a few at a time. The large 
flux shows instead that ions cross the 
membrane by diffusing through wa
ter-filled pores. The opening of an in
dividual pore appears to be triggered 
by the cooperative binding of three 
or more molecules of cGMP. In other 
words, each pore behaves like an effi
cient molecular switch designed to de
tect infinitesimal changes in the con
centration of cG MP. 

U
nder appropriate conditions a rod 
in the human retina signals the 

absorption of a single photon, which 
activates only one of the 100 million 
rhodopsin molecules in the rod. This 
remarkable performance was first 
demonstrated in psychophysical ex
periments done in the early 1940's by 
Selig Hecht, Simon Shlaer and Mau
rice H. Pirenne of Columbia Universi
ty. They directed dim flashes of light 
into one eye of a subject who was sit
ting in complete darkness. By varying 
the strength of the flash they found 
that the subject usually perceived a 
flash when only seven photons were 
absorbed. Because a population of 500 
rods absorbed the photons in a ran
dom spatial pattern, there was virtual
ly no chance that any rod had ab
sorbed more than one photon. The in
vestigators therefore concluded that a 
rod must produce a detectable signal 
when it absorbs a single photon. 

What are the amplitude and form of 
the electrical signal that is triggered by 
the absorption of a photon? How like
ly is it to occur after an absorption oc
curs? Do similar signals occur in dark
ness? In the early 1970's workers in 

several laboratories attempted to re
cord the quantal voltage response of 
rods. The initial efforts failed. The rea
son is that rods "pool" their signals: 
specialized connections called gap 
junctions link neighboring rods in the 
retina and allow electric currents to 
flow freely among their interiors. As 
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a consequence the hyperpolarizing re
sponse to a single photon is distributed 
to 10 or more rods, making it too small 
to detect. 

In order to overcome the problem 
created by pooling, Yau, Trevor D. 
Lamb and one of us (Baylor) decided 
to use a different indicator of the rod 
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ELECTRICAL RESPONSE TO LIGHT of a rod or cone results from a reduction in the 
outer-segment surface membrane's permeability to sodium ions. In darkness the sodium 
ions, which carry a positive charge, flow into the cell and steadily reduce the negative 
charge density on the inside of the cell membrane (top left). An outward flow of potassium 
ions through the inner segment and the synaptic ending completes a continuous loop of 
"dark current." The high sodium permeability is maintained by the action of the nucleo
tide cyclic guanosine monophosphate (cGMP), whose concentration in darkness is high 
(stippling). In darkness several cGMP molecules bind to a pore and cause it to open 
(bottom left). In light the concentration of cGMP drops, the nucleotide leaves the bind
ing sites and the pore closes (bottom right). The influx of sodium ions is thereb.y blocked 
and the internal voltage of the cell hyperpolarizes: it becomes more negative (top right). 
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HYPERPOLARIZING VOLTAGE RESPONSES from a red cone in a turtle retina 
were recorded with an intracellular electrode. The traces are superposed responses to 
brief flashes of increasing strength. The voltage difference across the membrane is plotted 
as a function of the elapsed time after the flash, which is shown in the lower trace. The 
strengths of the flashes were increased by factors of two; the weakest flash activated 
about 50 molecules of the Iight·absorbing pigment in the cone. Bright flashes caused the 
response amplitude to saturate, the membrane potential reaching about - 65 millivolts. 
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response. We measured a rod's pho
tocurrent rather than its voltage. Our 
choice proved to be a good one, be
cause the photocurrent is effectively 
independent of membrane voltage and 
is therefore not influenced by coupling 
among rods. 

To identify the response to a single 
photon, we observe a rod's response to 
very dim light. At first we worked with 
rods from toad retinas; more recently 
the two of us, in collaboration with 
Brian J. Nunn of Stanford, have 
worked with rods and cones from reti
nas of the macaque monkey (Macaca 
/ascicularis). To make the measure
ments we draw an individual outer 
segment into a close-fitting glass capil
lary tube. We then record the rod's 
photocurrent with a sensitive amplifi
er connected to the capillary. 

We repeatedly shine on the rod a 
flash so weak that it activates on the 
average one molecule of rhodopsin. 
The resulting photocurrent varies, as
suming values near zero, one, two and 
three picoamperes (trillionths of an 
ampere). Such variation is expected, 
because the emission of photons from 
the source fluctuates randomly: some
times the flash fails to activate a rho
dopsin molecule and at other times it 
activates one, two or three molecules. 
Statistical analysis and calibration of 
the flash strength show that the one
picoampere response is triggered by 
the activation of a single rhodopsin 
molecule. The size and shape of the re
sponse are remarkably constant, sug
gesting that the gain of the enzyme cas
cade is subject to an elegant control. 

Measurements also show that there is 
a good chance-about 50 percent-that 
a photon will trigger a response when 
it is absorbed. 

P
hoton counting by rods is impres
sive but not quite perfect. Even in 

complete darkness rods give an occa
sional signal identical with that trig
gered by the absorption of a photon. In 
a rod from a monkey retina, for exam
ple, signals appear randomly at a rate 
of one every two and a half minutes on 
the average. The signals seem to arise 
because thermal energy, or heat, can 
activate a rhodopsin molecule just as 
light can. This process sets the ulti
mate limit on a rod's ability to reliably 
encode very dim light. Fortunately, 
however, thermal activation proceeds 
quite slowly: from the frequency of the 
signals and the number of rhodopsin 
molecules in the rod we find that the 
half-life of the process is 420 years 
at body temperature. (Only because a 
rod is packed with rhodopsin mole
cules can the error signals be studied 
experimentally.) Nevertheless, the sig
nals are perceived by the visual system 
and give rise to sensations of very dim 
light in complete darkness. Psycho
physicists have quantified such "dark 
light" and find an activation rate simi
lar to what we have measured. 

The response of a cone to a single 
photon cannot be measured because it 
is too small. Background fluctuations 
overwhelm it. The quantal response 
can nonetheless be estimated from the 
response of a cone to flashes that acti
vate many of its pigment molecules. 
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MEASURABLE ELEC TRIC CURRENT results when a single pore in the outer segment 
of a rod opens. Here a patch of the membrane of a salamander rod was exposed to a 
solution containing cGMP while the membrane voltage was held at +75 millivolts. Up
ward deflections in the traces correspond to the opening of a single pore. In the third 
trace from the top two pores open simultaneously. In order to improve the resolution of 
the measurement the concentrations of calcium and magnesium ions were made very low. 
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We estimate that in a cone one ab
sorbed photon produces a photocur
rent approximately 10 femtoamperes 
( 10 X 10-15 ampere) in size. This is 
about 100 times smaller than a rod's 
quantal response. The characteristic 
difference in the response sizes helps 
to explain why human cone-mediated 
daylight vision is less sensitive than 
rod-mediated night vision. 

On the other hand, a cone's quantal 
response is roughly four times as fast 
as that of a rod. A primate rod, for in
stance, takes 300 milliseconds to finish 
signaling the absorption of a photon. 
In that time a pitched baseball trav
els most of the way to home plate. Be
cause of their greater response speed, 
cones are better at encoding rapidly 
changing visual stimuli. 

Visual transduction appears, then, 
to involve a tradeoff between sensi
tivity and temporal resolution. The 
small, fast quantal responses of cones 
enable the visual system to detect rap
id changes in intensity or rapid move
ment of objects when the level of il
lumination is high and the rods are 
saturated. The slower and larger rod 
signals, on the other hand, are optimal 
for counting photons when the level of 
illumination is low. 

A
striking increase in visual sensitiv
ity occurs at low levels of illumi

nation because of a switch from cone 
vision to rod vision. On entering a dim
ly lighted room, for example, we are 
initially blind because of the insen
sitivity of the cone system. Slowly the 
rod system becomes more sensitive, 
and as it assumes the primary role ob
jects become visible. Even in pure rod 
vision, however, visual sensitivity rises 
as the level of background light falls. 
Does this change in sensitivity take 
place within the rods or in other neu
rons that process the rod signals? 

The effect of background light on 
the sensitivity of a primate rod can be 
determined by recording responses to 
dim flashes from a rod that has been 
adapted to darkness. The peak ampli
tude of the response is divided by the 
flash strength to yield a measure called 
the flash sensitivity. Steady back
ground lights are then turned on and 
the sensitivity is again determined. 
The sensitivity drops as the intensity of 
the background lights increases. The 
desensitization is accounted for by a 
simple saturation mechanism. As the 
background intensity rises, more of the 
sodium channels in the surface mem
brane close, making fewer channels 
available to be closed by the flash. 

In psychophysical experiments the 
sensitivity of the human rod system 
has been measured by determining the 
strength of a flash that is barely de-

© 1987 SCIENTIFIC AMERICAN, INC



SINGLE-ROD OUTER SEGMENT of a toad is drawn into a suc
tion pipette for recording electric currents induced by light. The 
outer segment in the pipette is about 50 micrometers (millionths 
of a meter) long and six micrometers in diameter. The rod is stim-

ulated by the transverse slit of light, and the electrical response is 
amplified and recorded. To preserve the adaptation of the cell to 
the dark, the work is done under infrared light and is viewed on a 
video monitor. The piece of retina is from the toad BuJo marin us. 
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RESPONSE OF MONKEY ROD to a single photon is monitored by drawing the rod 
into a suction pipette. In the upper traces dim flashes activating on the average one 
pigment molecule were delivered to the outer segment. The response of the rod fluctuat
ed, its amplitude ranging from zero to one or two picoamperes (trillionths of an ampere). 
The activation of a single pigment molecule triggers a response of about one picoampere; 
the fluctuations in amplitude are caused by random variations in the emission of photons 
from the light source. The lower trace shows the response of the same rod to a dim, 
steady light, which activated on the average about 10 pigment molecules per second. 
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WAVEFORM OF SINGLE-PHOTON EFFECT in a rod and cone from the macaque 
monkey retina is revealed by averaging responses to dim flashes. The change in current 
through the membrane is plotted as a function of elapsed time after the flash. The re
sponse of the rod (top) was elicited by a flash that activated an average of one pigment 
molecule; the response of the cone (middle) was triggered by a flash that activated about 
200 molecules. (The response is a scaled-up version of the response to a single photon.) 
The bottom trace shows the response of the cone to a pulse of light one second long. 
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tectable in the presence of a diffuse 
background light. The sensitivity to 
the flash decreases as the background 
intensity is increased. A background 
that strongly desensitizes rod vision, 
however, may have little effect on the 
measured sensitivity of an individual 
rod. For example, a steady light acti
vating 40 molecules of rhodopsin per 
second per rod causes a 1O,000-fold 
drop in the sensitivity of rod vision but 
reduces the sensitivity of a rod outer 
segment by only about 20 percent. The 
measurements support the conclusion 
of the late William A. H. Rushton of 
the University of Cambridge that de
sensitization of human rod vision by 
background light is due to neuronal 
processing beyond the rod outer seg
ments. The mechanism of the effect 
remains to be determined. 

When the background intensity ex
ceeds the level that corresponds ap
proximately to the blue sky at noon, 
the flash sensitivity of human rod vi
sion falls precipitously: it saturates. In 
such bright light, changes in the rate of 
photon absorption in the rods are not 
detected by the visual system. Elec
trical measurements show that single 
rods become unresponsive to a flash at 
about the same background intensity 
that saturates rod vision. This limit in 
vision therefore expresses a property 
of the rod transd uction. 

T
he sensitivity of a single photore
ceptor to light of different wave

lengths is determined by the probabili
ty that its visual pigment will absorb 
photons of those wavelengths. Meas
urements of the spectral sensitivity of 
single cells from the macaque, which 
is thought to have photoreceptors like 
those of man, provide a physiological 
basis for the spectral characteristics of 
human vision. The wavelengths of vis
ible light lie roughly between 400 and 
750 nanometers (billionths of a meter). 
Light of longer wavelengths (near-in
frared) is poorly absorbed by the vis
ual pigments; light of shorter wave
lengths (near-ultraviolet) can be ab
sorbed by the visual pigments but fails 
to reach the retina because it is ab
sorbed in the cornea and lens. 

Macaque rods show a peak sensitiv
ity in the blue-green region of the spec
trum, near 490 nanometers. The meas
ured spectral sensitivity agrees with 
the spectral sensitivity of human rod 
vision determined by psychophysical 
experiments. 

Monkey cones fall into three groups 
that have peak sensitivities at rough
ly 430, 530 and 560 nanometers. The 
groups, which correspond closely to 
those of humans, may be called blue, 
green and red to indicate the relative 
positions of the spectral maxima. Each 
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type of cone is sensitive to light over a 
broad range of wavelengths, and the 
sensitivities of the groups show con
siderable overlap. Nevertheless, the 
segregation of pigments into the ap
propriate cones appears to be quite 
strict. From the form of the sensitivity 
curves we conclude that less than one 
in 100,000 pigment molecules in a 
blue cone is of the red or green type. 

A cone's response does not depend 
on the wavelength of the photon that 
was absorbed; all stimuli that elicit 
identical absorptions give identical re
sponses. By sensing the ratio of excita
tions in the three kinds of cone, howev
er, the visual system is able to compute 
color from wavelength. It has been 
known for many years from psycho
physical experiments that two stimu
li of different wavelength composi
tion will appear identical if both stim
uli evoke, within each kind of cone, 
the same number of absorptions. Al
though the trichromacy of color vision 
has been well established by such ob
servations, its exact basis has been 
unclear because of uncertainty about 
the specific cone spectral sensitivities. 
These sensitivities are now known for 
monkey cones, and it is satisfying that 
they predict the rules governing the 
light intensities a human requires to 
make color matches. 

At long wavelengths the perception 
of hue is determined by the relative 
absorption in the red and green cones 
alone. As the wavelength increases be
yond about 600 nanometers, the per
ceived hue changes from orange to a 
progressively deeper red. Beyond 700 
nanometers a curious reversal occurs 
and the hue becomes more orange. 
This phenomenon, the "paradoxical 
hue shift," was discovered in 1955  by 
Giles S. Brindley of Cambridge. It is 
explained by the form of the spectral 
sensitivities of the red and green cones. 
The ratio of the red- and green-cone 
sensitivities has a maximum at 700 na
nometers, and so this wavelength ap
pears reddest. 

T
he molecular mechanism of visual 
transduction and the central proc

essing of photoreceptor signals are still 
far from being completely understood. 
Although the internal transmitter fQr 
visual excitation has been identified, 
the operation of the nucleotide cas
cade and the control of sodium perme
ability are only beginning to be char
acterized. Much also remains to be 
learned about how small signals gener
ated by single photons are transmitted 
across synapses, separated from noise 
and processed by the visual system. 
The years ahead promise to be an ex
citing time for experiments in both ar
eas of investigation. 
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MEMBRANE CURRENTS from a monkey rod (top) and cone (bottom) were recorded 
with a suction pipette. The outer segments were illuminated uniformly by flashes of light. 
The superposed recordings show the current of the outer segment as a function of time 
after the flash. The strength of the flashes was progressively doubled until the responses 
reached their maximum amplitude, and the inward current shut off completely. In the rod 
the response was half its maximum when 30 rhodopsin molecules were activated; in the 
cone the response was half its maximum when 1,200 pigment molecules were activated. 
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RELATIVE SENSITIVITY TO A PHOTON for rods and cones of the macaque monkey 
is plotted against the wavelength of the photon. The spectral sensitivities are quite sim
ilar to those of human receptors. The black curve is the spectrum of the rods, and the 
red, green and blue curves are respectively the spectra of the red, green and blue cones. 
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The Moons of Uranus 
Voyager 2 photographed the five major moons at close range. All 

have icy surfaces, but they are darker and rockier than Saturn's 

moons. Early in their history three were geologically vigorous 

by Torrence V. Johnson, Robert Hamilton Brown and Laurence A. Soderblom 

P
icture this: You are an observer 
at Uranus, where you have been 
in orbit for millions of years. It 

has been an uneventful epoch. Noth
ing much changes in your gray world; 
everything froze long ago. Then, at a 
time like any other, you spot a point of 
light streaking toward you out of the 
sun. You investigate. What you find is 
almost comical: a small pile of metal, 
a dish with several awkward, random
ly gyrating protuberances, the whole 
contraption hurtling along at a frantic 
pace. In what seems to you an instant 
the interlude is over, and you are alone 
again in the serene regularity estab
lished by the planet, its circular rings 
and its icy, cratered moons. 

Now move to California, specifical
ly to the Jet Propulsion Laboratory: 
You are one of us, one of the people 
who launched that metal contraption, 
called Voyager 2, on its mission. Even 
from our comparatively limited per
spective (Uranus was discovered by 
William Herschel only two centuries 
ago), the Voyager flyby on January 24, 
1986, seemed brief. That was particu
larly true for those of us interested in 
the planet's five major satellites, which 
are barely visible from the earth even 
through large telescopes. When Voy
ager 2 shot by Uranus at 72,000 kilo
meters per hour, we had less than a day 
to collect essentially all the detailed 
information we have ever had on the 
moons-and possibly ever will have: at 
present no further missions to Uranus 
are planned. 

The technical obstacles were formi
dable. Originally intended to operate 
only as far as Saturn, where sunlight is 
four times as intense and where the 
moons are on the average about twice 
as reflective, Voyager 2 had to contend 
at Uranus with targets much dimmer 
than those for which its cameras had 
been designed. To gather enough light 
for an image the camera shutters had 
to be left open for several seconds. Un
less some way could be found to cor-

rect for the motions of the spacecraft 
and of the moons themselves, the pic
tures would be smeared to near use
lessness. Imagine trying to photograph 
a speeding, charcoal-gray race car on 
an overcast day with very slow film 
and you will get an idea of the chal
lenge that confronted Voyager 2 and its 
handlers. 

The challenge was fully met. While 
the spacecraft was proceeding from 
Saturn to Uranus engineers at the 
J.P.L. devised a method of compensat
ing for its complex motions [see "En
gineering Voyager 2's Encounter with 
Uranus," by Richard P. Laeser, Wil
liam I. McLaughlin and Donna M. 
Wolff; SCIENTIFIC AMERICAN, Novem
ber, 1986]. The fruits of their efforts 
were high-quality, unsmeared images 
of all five major Uranian satellites: 
Oberon, Titania, Umbriel, Ariel and 
Miranda. In the case of Miranda, the 
innermost of the five, the images had a 
higher resolution than any made by 
Voyager 1 and Voyager 2 at Jupiter and 
Saturn. Given these results, Voyager 2 
does not appear comical or awkward 
to us; as a scientific experiment, it 
looks downright elegant. 

The brevity of the Uranus encounter 
arose not only from the speed of 

the spacecraft but also from the un
usual geometry of the Uranian system, 
which is tipped on its side. At present 
the planet's south pole is pointing 
toward the sun and the earth. Since 
the moons orbit roughly in the equato
rial plane, Voyager 2's path through 

the system resembled that of a bullet 
piercing a bull's-eye target. Instead 
of passing close to individual moons 
sequentially, as it did at Jupiter and 
Saturn, the probe made its closest 
approach to all the Uranian moons 
at about the same time. To ensure that 
each moon received high-resolution 
photographic coverage, the imaging 
sequence had to be planned to the 
second. Even with careful planning, 
though, no more than half of each 
moon could be photographed, because 
currently only the southern hemi
spheres are sunlit. 

In the months before the closest ap
proach a lot of camera time was devot
ed to scanning the planet's equatori
al plane for new satellites. There was 
good reason to suspect their existence: 
Jupiter has 16 moons and Saturn 17, 
most of them tiny objects not visi
ble from the earth. Voyager 2 found 10 
new satellites at Uranus, bringing that 
planet's total to 15. Two of the new 
moons are gravitational "shepherds" 
that patrol the inner and outer edges 
of the planet's largest, outermost ring. 
The other eight follow circular orbits 
between the rings and Miranda. All 
but one of the new satellites have di
ameters between 40 and 80 kilometers. 
The exception, designated 1985Ul 
pending the assignment of an official 
name by the International Astronomi
cal Union, is 160 kilometers across. 

Because 1985Ul was detected more 
than a month before the encounter and 
because it happened to be on the same 
side of the planet as Miranda, we and 

MAP OF MIRANDA based on Voyager 2 images is a stereographic projection of the 
moon's southern hemisphere; the south pole is at the center and the equator is the outer 

ring. Only the southern hemispheres of the Uranian moons were photographed because 

only they are sunlit. Miranda is the smallest and most exotic of the five major moons. 
Superposed on its ancient cratered plains are three younger, less cratered regions of 
grooved and ridged terrain known as the "ovoids_" The moon's surface is also crisscrossed 
by fracture zones; the one at the top of the map includes a cliff that is between 1 0 and 20 
kilometers high. The Miranda map and the other maps in this article were prepared by 
workers at the U.S. Geological Survey in Flagstaff under the direction of R. M. Batson. 
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our colleagues were able to trade in 
a camera-time slot originally allocat
ed to Miranda and make a closeup 
picture of the new moon. The image 
shows a somewhat irregular object 
with a dark, cratered surface that re
flects only 7 percent of the incident 
sunlight. The other new satellites were 
not observed at close range, but they 
appear to be equally dark, as do the 
particles that make up the rings. 

In that respect they are far from 
distinctive. Actually most of the solid 
material in the outer solar system that 
is not bright ice is very dark, with an 

"f----+--

albedo, or reflectance, of about 10 per
cent or less. The nature of this dark 
material has been the subject of con
siderable debate in recent years. Most 
investigators agree that it is dark be
cause it is rich in carbon, like soot. The 
most obvious explanation is that it is 
essentially the same stuff as is found 
in carbonaceous chondrites: primitive 
meteorites that come from the aster
oid belt between Mars and Jupiter and 
consist of hydrated silicates, or clays, 
mixed with dark, carbon-rich organic 
substances. Such mixtures form only 
at relatively low temperatures. Theo-

0' 

180' 

retical models suggest that conditions 
in the early solar nebula would have 
been appropriate for the formation of 
carbonaceous rocks from the asteroid 
belt outward. 

Alternatively, the carbonaceous ma
terial might not be primordial rock; 
it might have been produced more 
recently, by the irradiation of meth
ane ice or methane-contaminated wa
ter ice, which are also predicted to be 
present in the outer solar system. Lab
oratory studies have shown that ultra
violet light or energetic electrons (such 
as those in the solar wind or in plan-
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etary magnetospheres) can induce re
actions in which the methane forms a 
dark residue of complex organic com
pounds. This mechanism has been var
iously invoked to explain the produc
tion of dark interstellar grains, the low 
reflectance of cometary nuclei and the 
peculiar dark side of Saturn's moon 
Iapetus. Indeed, some workers think 
it accounts for the organic material in 
carbonaceous rocks. If they are right, 
then the question about the darkening 
of methane in the outer solar system is 
not so much whether it has occurred, 
but when: whether it was important 
only four and a half billion years ago, 
when the carbonaceous rocks formed, 
or whether it also occurred later on the 
surface of satellites. 

So far there is no compelling reason 
to believe the process has had a sig
nificant effect on the surface of the 
Uranian satellites. For one thing, the 
presence of methane on the moons, 
unlike that of water ice, has not yet 
been verified by observations from the 
earth. (Voyager 2 is not eq uipped with 
a spectrometer capable of analyzing 
the composition of satellite surfaces.) 
In our view most of the dark material 

in the Uranian system is probably pri
mordial carbonaceous rock, although 
darkened methane may have been 
added to the original mixture in a few 
locations. Experiments done by Rog
er N. Clark, then at the University of 
Hawaii at Manoa, indicate that small 
quantities of carbonaceous rock (less 
than 1 percent by volume), when they 
are mixed thoroughly with water ice, 
are enough to darken the bright ice, 
yielding a reflectance as low as the 
7 percent level exhibited by 1985U 1. 

The five major Uranian moons are 
not nearly as dark as 1985Ul; their 

albedos range from 20 percent (Um
briel) to 40 percent (Ariel). The obser
vation is significant. If one assumes 
that 1985Ul represents the primor
dial ice-rock mixture from which all 
the moons were formed, one must ex
plain why the larger moons should 
be brighter. The answer is that 1985Ul 
is probably a homogeneous mixture of 
ice and rock, whereas the major moons 
are not. Instead they have undergone 
varying degrees of differentiation: 
some of the dense rock has settled to
ward the center of the moon and some 

TRAJECTORY of Voyager 2 was nearly perpendicular to the equatorial plane of Uranus. 
Since the moons orbit roughly in the equatorial plane, the probe made its closest ap
proach to all the moons almost simultaneously, and the time for making closeup images 
was short. The colored lines indicate the positions and times (measured in hours before 
the closest approach to the planet) at which the best images of each moon were obtained. 

50 

of the lighter, brighter ice has risen to 
the surface. The differentiation proc
ess requires internal heat, and the heat 
sources in all the Uranian moons prob
ably dwindled to insignificance long 
ago. But judging from the Voyager pic
tures, all five moons-notably Ariel 
and Miranda-seem to have been geo
logically active early in their history. 

Evidence of geologic activity on an 
icy satellite can take several forms. 
If extensive differentiation has taken 
place, one may see large patterns of 
bright and dark markings on the sur
face corresponding to regions where 
either less rock or more rock is mixed 
with ice. If the moon's crust has been 
disrupted by tectonic movements, it 
should have visible fault lines. And if 
its internal heat source has been in
tense enough to drive volcanic activi
ty, one should see regions covered by 
comparatively young material that has 
erupted from the moon's interior and 
flowed onto the surface. 

What does "young" mean? The only 
markers of time on the surface of 
satellites are craters gouged out by 
the chunks of lee and rock that have 
rained down on the satellites since they 
first formed four and a half billion 
years ago. A region that is saturated 
with craters is obviously ancient; a re
gion totally lacking in craters must 
have had its surface re-covered in the 
geologically recent past. Dating geo
logic features more precisely, particu
larly if their ages fall between the two 
extremes, is tricky, because crate ring 
rates have varied from planet to planet 
and have not remained constant over 
time. The heaviest bombardment oc
curred while the planets and their sat
ellites were still accreting debris. 

During this early period at least two 
distinct populations of impactors, cor
responding to two sources of debris, 
struck the satellites of the outer solar 
system. The first population consisted 
of material remaining in orbit around 
the sun after the planets formed. Cra
ters from this population have a broad 
size distribution; typically their diam
eters range from less than a kilometer 
to hundreds of kilometers. They are 
found throughout the solar system on 
the oldest terrains, such as the high
lands of our moon. The second pop
ulation of impactors consisted of de
bris left in orbit around the planets 
after the formation of their satellites. 
Most of these impactors were relative
ly small. Before the Uranus encounter 
their craters had been detected primar
ily on the moons of Saturn, notably by 
Robert G. Strom and his colleagues at 
the University of Arizona. The helio
centric and planetocentric bombard
ments overlapped, but the planetocen
tric bombardment seems to have end-

© 1987 SCIENTIFIC AMERICAN, INC



ed somewhat later. This fact is a 
helpful clue to the early history of the 
Uranian moons. 

O
beron and Titania, the outermost 
and largest of the moons, are 

both about 1,600 kilometers in diame
ter (less than half the size of the earth's 
moon), and they have roughly the 
same mass. Their surfaces, which are 
rich in water ice, reflect between 25 
and 30 percent of the incident sunlight 
and are a fairly uniform gray. The 
gray is interrupted only by bright rays 
around a few craters; neither satellite 
displays global patterns of bright and 
dark markings. In spite of these simi
larities the two moons clearly evolved 
differently. 

Oberon has a few features that look 
a bit like faults, but it shows little evi
dence of major tectonic disruption. 
Its surface is nearly saturated with 
large, old craters, which range in size 
from the limit of resolution of the 
images (about 12 kilometers) to more 
than 100 kilometers. The fact that the 
large craters have not been obliterat
ed indicates that Oberon's surface has 
not been re-covered by fresh materi
al since the heliocentric bombardment 
ended some four billion years ago. 

That does not mean the satellite was 
completely inactive. The floor of a few 
of the largest craters is covered with 
patches of very dark material similar 
to that seen on 1985U 1. The appear
ance of the craters is reminiscent of 
craters with dark floors, such as Tsiol
kovsky, in the highlands of the earth's 

URANIAN SYSTEM includes at least 1 1  
rings and 1 5  moons. The orbits are meas
ured from the center of Uranus, which has 
a radius of 25,600 kilometers; the moons 
are drawn to a common scale. The five ma
jor moons were known before the Voyager 
flyby. Of the 10 small moons discovered by 
Voyager 2, only the largest, 1985Ul, was 

photographed at close range (above). Its 
surface is darker than that of the major 
moons. The large crater on its right limb is 
approximately 40 kilometers in diameter. RINGS 

I 

URANUS RINGS 

1,000 KILOMETERS 

NEW 
MOONS 
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moon. On the moon the dark deposits 
are thought to have been laid down by 
volcanic eruptions following the enor
mous impacts that dug out the craters. 
Oberon too may have seen some ear
ly, localized volcanic activity. Its dark 
patches may consist of a mixture of ice 
and carbonaceous rock erupted from 
the interior. Alternatively, the volca
nic flows could have included meth
ane-containing ice that was darkened 
after it reached the surface. 

Whereas Oberon has been largely a 
passive target for incoming projectiles, 
Titania has not. Its surface bears dra
matic evidence of global tectonics: a 
complex set of grabens, or rift valleys, 
bounded by extensional faults. Fur
thermore, although Titania's surface is 
heavily cratered, the evidence suggests 
that the craters were formed by im
pactors from the second, planetocen
tric population. Titania must have en
dured at least as intense a bombard
ment from heliocentric impactors as 
Oberon, and yet it has only a few large 
craters attributable to that population. 
Evidently most of the large craters 
were erased by some resurfacing proc
ess. Moreover, since the crater density 
is not uniform-there are several plains 
that are distinctly smoother and less 
cratered than the rest of the surface
the resurfacing must have lasted for a 
considerable time. 

According to one model of Titania's 
evolution, the resurfacing took the 
form of extensive volcanic extrusion 
of material onto the surface. The vol
canism began while the heliocentric 
bombardment was under way. Large 
craters disappeared because they were 
flooded or simply because the icy crust 
around them, which would still have 
been relatively warm and soft, col
lapsed. As the moon radiated away its 
internal heat, it began to freeze from 
the outside in. Eventually all the liq
uid, primarily water, froze in the inte
rior. The water did what water always 
does when it freezes under low pres
sure: it expanded, and because there 
was so much of it, the entire surface of 
the moon was stretched. The crust rup
tured along a network of extensional 
faults, and blocks of crust dropped 
down along the faults, forming the 
enormous grabens. The tectonic mo
tions may have been accompanied by 
further extrusions of fluids; these late 
extrusions could have produced the 
smooth plains. 

By the time most of the current sur
face had been emplaced the first bom
bardment had ended, and only small
er, planetocentric impactors continued 
to rain down on Titania. Finally, when 
the space around Uranus had been 
swept clean of debris, that bombard
ment also stopped. For the past three 
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billion years or so Titania has been a 
quiet body, disturbed only by the im
pact of an occasional comet. 

Eugene M. Shoemaker of the U.S. 
Geological Survey, an expert on cra
tering rates, has proposed a more dras
tic type of resurfacing. He thinks the 
early cratering of Titania by heliocen
tric objects was so intense that a large, 
late-arriving impactor could have 
blasted the moon apart. The shattered 
pieces would have remained confined 
to Titania's orbit and relatively soon 
would have reassembled into a moon. 
The reassembled moon would have 

had a new surface, one that bore no 
trace of the early bombardment. One 
virtue of Shoemaker's hypothesis is 
that it can explain why Oberon and Ti
tania have similar bulk properties and 
yet look so different: because it is clos
er to Uranus, whose gravitational field 
must have focused and accelerated in
coming debris, Titania was more likely 
to be shattered. 

U
mbriel and Ariel, the next two 
Uranian moons, are another in

teresting pair. They have nearly the 
same diameter ( 1, 190 kilometers and 

OBERON was photographed by Voyager 2 from a distance of 660,000 kilometers. It is 

only slightly smaller than Titania, the largest of the Uranian moons, but its ancient, 
densely cratered surface shows few signs of geologic activity. Dark deposits that may be 
volcanic in origin are visible on the floor of a few craters, notably the large one near the 
center of the photograph; on the map of Oberon's southern hemisphere (right) that crater 
lies between 30 and 60 degrees longitude at a latitude of about SO degrees. The crater is 

more than 100 kilometers across, and like the many other large craters on Oberon it 
dates from the bombardment by heliocentric debris that ended four billion years ago. 
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1, 160 kilometers respectively) and the 
same mass, but the contrast between 
them is even stronger than the contrast 
between Oberon and Titania. 

Umbriel is remarkable for its almost 
total blandness. Like Oberon and Tita
nia it lacks global-scale variations in 
brightness, but unlike those two bod
ies its surface is not marked by bright 
ray craters. (Bright rays are thought to 
form around craters on icy satellites 
because the impacts eject clean, bur
ied ice out onto the surface.) As Voy
ager 2 neared the Uranian system it ap
peared that Umbriel might lack cra-

2 

ters altogether, which would imply its 
surface was being regenerated even to
day. The high-resolution images made 
at the closest approach, however, re
vealed a surface dominated by large 
craters from the first bombardment; 
only the rays are absent. 

Explaining Umbriel's blandness is 
surprisingly hard. Conceivably bright 
rays around its craters could have been 
erased by micrometeoroids that pep
pered the surface and mixed the ray 
material with the underlying dark ma
terial. (The process is called impact 
gardening.) A second possibility is that 

the rays contained methane that has 
been darkened by energetic radiation. 
Both hypotheses fail to explain why 
bright rays are absent on Umbriel but 
not on the other Uranian moons. 

Perhaps the most straightforward 
explanation is that bright rays never 
formed on Umbriel. If Umbriel were 
covered by a blanket of dark materi
al several kilometers thick, the ejecta 
from an impact would be dark; such 
dark-ray craters have been observed, 
for example, on Jupiter's moon Gan
ymede. The blanket might consist 
of a uniform, primordial mixture of 
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ice and rock. A primordial blanket on 
Umbriel is at least plausible, because 
Umbriel is smaller than Oberon or Ti
tania and so might be expected to have 
undergone less differentiation. In ad
dition the fact that it has the lowest re
flectance (20 percent) of the Uranian 
moons supports the notion that it has 
a high concentration of dark, carbon
rich material near its surface. 

Nevertheless, there are problems 
with this hypothesis as well. Although 
most of Umbriel is bland, the moon is 
not altogether featureless. On the con
trary, it has two rather striking bright 
features near the equator: a ring 80 
kilometers in diameter that appears 
to cover the floor of an impact crater, 
and a spot on the central peak of an
other large crater. The origin of these 
features is a mystery, but the bright 
material must have come from below 
the surface. This means that the dark 
blanket, if it exists, would have to be 
thin or absent in those two locations 
and only there. 

Whereas Umbriel is the darkest of 
the major Uranian moons, Ariel is the 
brightest; it has a reflectance of rough
ly 40 percent. And whereas Umbriel's 
surface is among the oldest, most cra
tered surfaces in the Uranian system, 
Ariel's is one of the youngest and least 
cratered. Ariel's history is reminiscent 
of Titania's, except that the geologic 
activity on Ariel was more intense, 
more extensive and more prolonged. 
Like Titania, Ariel has almost no cra
ters from the heliocentric bombard
ment. In addition it has only about a 
third as many craters from the plane
tocentric bombardment as Titania, in
dicating that its surface was remade 
over a broader area and a longer peri
od. Its global network of extensional 
faults is also more fully developed; in 
some places on Ariel the fault valleys 
are tens of kilometers deep. 

The resurfacing of Ariel was a vol
canic process. The evidence for ex
trusion of material onto the surface 
is much more conclusive than in the 
case of Titania. The floors of the fault 
valleys in the hemisphere that is al
ways pointed toward Uranus (the Ura
nian moons, like the earth's moon, are 
locked in synchronous orbits) are cov
ered with a smooth, relatively uncra
tered unit. Because the smooth unit 
covers previously existing geologic 
features-the most dramatic example 
is a large, half-buried crater-it must 
have been emplaced by volcanic flows. 

In some areas the smooth unit dis
plays grooves and ridges that paral
lel the axes of the fault valleys. The 
pattern suggests that material welled 
up through fractures along the axes 
and spread out over the valley floors, 
somewhat in the manner of lava erupt-
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ing from rifts on the floor of the 
earth's oceans. The upwelling mate
rial on Ariel was almost certainly not 
molten rock. Instead it was probably 
a relatively warm, plastic mixture of 
ice and rock that flowed much as a ter
restrial glacier does. The mixture must 
have been fairly viscous: in places 
where it has buried older features its 
edges form a steep scarp that is about a 
kilometer high. 

Although Ariel has been a surpris
Il.. ingly active little moon, in some 
ways its style of activity-crustal rift-

ing and icy volcanic flows-is reas
suringly familiar, similar to what was 
seen on Jupiter's Europa and Gany
mede and on Saturn's Enceladus. Mi
randa, on the other hand, is one of the 
strangest worlds yet observed. The in
nermost (and with a diameter of about 
500 kilometers the smallest) of the 
major Uranian moons, it has barely 
enough gravitational strength to pull 
itself into a sphere. Yet its surface 
is a hodgepodge of complex and exot
ic geologic terrains that would seem 
more appropriate on a planet 10 times 
its size. 

TITANIA was much more active geologically than Oberon. The photograph is a compos

ite of two images made by Voyager 2 from a distance of 369,000 kilometers. Titania has 

fewer large craters than Oberon, indicating that its surface is younger, and it has a promi
nent network of extensional faults, indicating that the surface has been stretched. In 
some areas, for example near the equator at a longitude of 30 degrees (in the lower right
hand part of the photograph), the surface is relatively un cratered. These smooth areas 
may have been formed by the volcanic extrusion of an ice-rock mixture along the faults. 
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The oldest geologic unit on Miran
da consists of densely cratered rolling 
plains pocked by the planetocentric 
bombardment. They cover most of 
the surface visible in the Voyager im
ages, and they do not look particularly 
unusual. Superposed on the rolling 
plains, however, are three enormous, 
oval-to-trapezoidal regions that for 
lack of a better word we call the 
ovoids. The ovoids are between 200 
and 300 kilometers in diameter, and 
judging from the number of craters on 
them they are substantially younger 
than the plains. They consist of locally 

2100 

parallel belts of ridges, grooves and 
scarps that abut one another at odd an
gles. Bright material as well as dark 
material is exposed along the scarps 
and in fresh craters inside the ovoids; 
in contrast, the rolling plains have 
a fairly uniform reflectance. Finally, 
both the ovoids and the plains are 
cut by huge fracture zones that circle 
Miranda, creating fault valleys whose 
steep, terraced cliffs are as much as 10 
to 20 kilometers high. 

The material in the ovoids may well 
be less dense than that in the plains. 
The bright areas along the scarps may 

00 
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consist of clean ice from below the sur
face, and the dark material is probably 
similar to whatever welled up in Ober
on's craters. There is some evidence on 
Miranda for eruptive flows, although 
it is much less pervasive than on Ariel. 
In one of the ovoids material seems to 
have flowed out of a low, horseshoe
shaped cone, burying scarps and ridg
es and piling up behind a steep, lobe
shaped flow front. 

The two models that have emerged 
to explain Miranda's strangeness both 
assume, for different reasons, that the 
ovoids are less dense than the roll-
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ing plains. The first model is based on 
Shoemaker's ideas about early crater
ing rates. Shoemaker thinks Miran
da was blasted apart as Titania was, 
but five or more times rather than just 
once. Each time it reassembled itself. 
Before the last cataclysm, according 
to the theory, the rock and ice in the 
moon had time to become partially 
separated. Hence when Miranda was 
shattered again, it broke into large 
pieces, each of which consisted pri
marily of either rock or ice. When the 
pieces drifted randomly back together, 
large chunks of rock, which had been 
near the core of the old Miranda, be
came embedded in the surface of the 
new conglomerate. The new moon re
tained enough internal heat to allow 
viscous flow in its interior. As a result 
the rock masses began sinking toward 
the center again, enabling lighter ice 
to rise and flow into the space behind 
them and causing the surface to crack 
along concentric stress lines. The 
ovoids, in this view, are surface distur
bances left by the sinking rock masses. 

One argument against the theory is 
that it is hard to see how such large 
chunks of rock could remain intact 
through the total disruption and reac
cretion of the moon. The cataclysm 
seems more likely to have yielded 
small pieces. An alternative view, put 
forward by one of us (Soderblom), 
holds that when Miranda accreted for 
the final time (whether it was actual
ly blasted apart or not is unimportant), 
it was a fairly uniform mixture of 
rock and ice. Then, driven by its in
ternal heat, it began to differentiate. 
As the rock sank toward the center, 
agglomerates of ice began rising to
ward the surface. In this scenario the 
ovoids were formed not by large sink
ing masses of rock but by large ris
ing masses of ice, which eventually 
breached the surface. The pattern of 
the ovoids (they are all about the same 
size and are regularly spaced) suggests 
an internal organization to the flow, 
perhaps some form of convection cell. 

The process of differentiation on 
Miranda was apparently never com
pleted. If differentiation had contin
ued, the ovoids would probably have 
been smoothed over, and Miranda 
would have been left with a mantle 
of solid ice surrounding a core of solid 
rock. Instead the moon was frozen at 
an embryonic stage of geologic devel
opment. Although some workers think 
the ovoids may be only a billion years 
old, it seems to us more likely that 
Miranda's evolution stopped between 
three and four billion years ago. 

The striking thing about moons such 
as Ariel and Miranda is not that 

their geologic activity stopped long 
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ago but that it ever began in the first 
place. Such a degree of activity in 
such small objects-Ariel is about one
third and Miranda less than one-sixth 
the size of the earth's moon-would 
have seemed extraordinary a decade 
ago. Then the primary source of inter
nal heat in a solid planetary body was 
thought to be the gradual decay of 
long-lived radionuclides such as urani
um, potassium and thorium. Because 
the quantity of radioactive elements in 
a planetary body is proportional to its 
volume, whereas the rate at which it 
loses heat is proportional to its surface 

area, a large body retains internal heat 
much longer than a small one and 
therefore undergoes a more prolonged 
geologic development. The terrestrial 
planets conform to this pattern. The 
earth is the largest, and it has clear
ly been the most active geologically; 
Mars is intermediate in size and has 
had a low level of volcanic activity 
throughout its history; Mercury and 
the earth's moon are small and had 
only an early, abbreviated evolution. 

The moons of the outer solar system 
do not follow the pattern. During the 
past 10 years Voyager observations 

UMBRIEL is distinctive primarily for its blandness: its surface is a dark and nearly 

uniform gray, and the abundance of large craters shows that it is ancient. In the photo
graph made from a distance of 557,000 kilometers, only two bright features near the 
equator stand out. The first is a bright ring at a longitude of 270 degrees (at the top of the 

photograph); the ring appears to lie in an SO-kilometer·wide crater. The second feature is 
a bright spot on the central peak of another crater, at a longitude of roughly 3 1 0  degrees. 
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of more than 20 such moons have 
dramatically revised the conventional 
wisdom about the geologic history of 
small bodies. Jupiter's moon 10, where 
volcanoes are erupting even now, is 
only the most spectacular counterex
ample; a number of the other Jovian 
and Saturn ian satellites also display 
evidence of significant geologic activi
ty. To that list one must now add Mi
randa, Ariel and perhaps Titania. 

The full implications of the Voyager 
observations have yet to be worked 
out, but a few guiding ideas have be
gun to emerge. The moons must have 

21 

another energy source in addition to 
long-lived radionuclides. It may be 
that they received an early pulse of 
heating from short-lived isotopes such 
as iodine 129 or aluminum 26, both of 
which are thought to have been pres
ent in the primitive solar nebula. An
other possible source of early heating 
is gravitational energy released by in
coming debris as the moons accreted. 

Tidal resonances are a third and 
potentially more prolonged source of 
heating. When the orbital periods of 
adjacent satellites differ by an integral 
factor, one satellite perturbs the other 

satellite's orbit at regular intervals that 
are multiples of the perturbed satel
lite's period. The effect is analogous 
to the one achieved by driving a pen
dulum at its resonance frequency: the 
perturbation is enhanced dramatical
ly. As a result the perturbed moon's 
orbit becomes distinctly noncircular, 
or elliptical. Because of the ellipticity, 
the tidal bulge raised on the surface of 
the moon by the planet's gravity tends 
to shift up and down and back and 
forth. The shifting bulge can inject 
a huge amount of frictional energy 
into the moon, and that energy must 
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be dissipated as heat. Tidal heating 
is thought to account for geologic ac
tivity on 10, Europa and Enceladus. 

The Uranian moons are not now in 
resonance. But as Steven W. Squyres, 
Ray T. Reynolds and Jack Lissauer of 
the National Aeronautics and Space 
Administration'� Ames Research Cen
ter pointed out in a paper published 
before the Voyager flyby, Miranda, 
Ariel and Umbriel may have passed 
through a resonance in the geological
ly recent past. At present tidal heating 
seems the likeliest source of the strong 
geologic activity on Miranda and Ari-

el. The tidal effect on Umbriel would 
have been less significant because it 
lies farther from Uranus; that would 
explain why Umbriel and Ariel devel
oped so differently even though they 
are about the same size. 

The unexpected activity of moons in 
the outer solar system must also 

have something to do with their com
position. To generate volcanic flows, 
for instance, a moon not only must 
have a source of internal heat but also 
must be made of material that can be 
at least partially melted. Models of the 

chemistry of the primitive solar nebu
la indicate that the moons of the out
er solar system should be mixtures of 
carbonaceous rock and ices, primarily 
water ice. The surface temperature of 
the moons of Uranus is in the neigh
borhood of 80 degrees Kelvin (- 193 
degrees Celsius); water ice melts at 273 
degrees K. Whatever the heat source 
of the moons was, theoretical calcula
tions suggest that it is unlikely the in
ternal temperature of such small bod
ies was ever 200 degrees higher than 
the surface temperature. 

The moons probably contain some 

ARIEL displays more evidence of having been volcanically active 
than any other Uranian moons do. The photograph is a mosaic of 
images made from a distance of some 130,000 kilometers. The 
most prominent features are the broad, crisscrossing grabens, or 
fault valleys, along the equator (at the right in the photograph). 
The grabens are filled with smooth, sparsely cratered material 

that was extruded along the axes of the valleys and flowed over 

the valley floors. The process, a familiar one 011 the earth, is illus
trated at the left. Stretching of the crust causes it to rupture along 
extensional faults (1); next a block of crust drops down along the 
faults, forming a graben (2); finally, partially molten material 
from the interior of the moon rises into the crack (3). The fact 
that much of Ariel was re-covered after the heliocentric bombard
ment is indicated by the almost total absence of large craters. 
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material that is more readily melted 
than pure water ice. The leading can
didates are ammonia hydrate, meth
ane clathrate (a form of water ice 
in which methane molecules are inter
spersed in the ice-crystal lattices) and 
carbon monoxide clathrate. A saturat
ed ammonia-water mixture, for exam
ple, has a melting point about 100 de
grees lower than that of pure water. 

The relative proportions of ice and 
rock in a moon also influence its pro
pensity for geologic activity. The more 
rock it has, the stronger is its radio
genic heat source, because the radio-

active elements are embedded in the 
rock. To estimate the amount of rock 
in a moon one must know its average 
density, and to know its density one 
must know its mass with some preci
sion. Estimates of the mass of the Ura
nian moons made before the Voyag
er flyby proved to be inaccurate, but 
Voyager 2 was able to measure the 
masses of Oberon and Titania precise
ly. (The measurement procedure was 
an interesting one. During the weeks 
before the encounter the moons were 
continually photographed, because 
their exact positions were needed in 
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order to navigate the spacecraft. The 
photographs revealed the tiny perturb
ing effects of the moons on one anoth
ers' orbits. These perturbations, to
gether with precision radio tracking of 
the spacecraft, enabled workers to cal
culate the satellite masses.) 

When the measured masses are con
verted into densities, and when allow
ance is made for the effects of the 
moons' own gravitational self-com
pression, both Oberon and Titania 
turn out to consist of materials whose 
average density is between 1.4 and 1.7 
grams per cubic centimeter. These 
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figures imply that the two moons 
are between 40 and 65 percent rock, 
which makes them considerably rocki
er than Iapetus and Rhea, two Saturni
an moons of comparable size. The oth
er Uranian moons may have similarly 
high rock fractions. (One cannot say 
for sure because the uncertainty about 
their masses is still too high.) This sug
gests that radiogenic heating may have 
been a significant contributor to their 
geologic activity. 

The rockiness of the Uranian moons 
compared with the Saturnian ones is 
counterintuitive; simply put, one ex
pects to find more rather than less ice 
as one moves farther away from the 
sun. Some models of the solar nebula 
had predicted that the Uranian moons 
would be no more than 35 percent 

rock. Apparently they were wrong. 
Various revisions of the models 

have been proposed. One possibility is 
simply that the chemical reactions pre
vailing in the cold outer regions of the 
solar nebula were different from those 
in the inner regions. Another possibili
ty, suggested by James B. Pollack of 
the Ames Research Center, is that the 
Uranian moons got their rockiness not 
from the solar nebula but from a gas
eous envelope linked to Uranus. David 
J. Stevenson of the California Institute 
of Technology has proposed that an 
envelope rich in rocky materials could 
have been created by the event that 
is thought to have given Uranus its 
unusual orientation: the impact, dur
ing the final stage of the planet's ac
cretion, of a body about the size of 

the earth. The moons would probably 
have been disrupted by such an im
pact, and so they must have formed af
terward. In the process they may have 
incorporated rock from the impactor 
or from the planet itself. 

The Voyager images have revealed 
much about the Uranian moons. 

But they did not reveal immediately or 
unambiguously why the moons are the 
way they are: why they are dark and 
rocky and geologically varied. Nor did 
we expect them to. Those are prob
lems that will occupy theoreticians for 
some time. As for us, we are already 
gearing up for Neptune, for Neptune's 
large moon Triton and for Voyager 
2 's next brief but intense encounter, 
in 1989, with another world. 

MIRANDA is seen here from an angle that Voyager 2 never saw. 
B

.
ecause the spacecraft passed so close to Miranda (within 29,000 

kIlometers), the scale of its rugged topographical features could be 
deduced from stereoscopic views of the same region from different an�les. Miranda is the only moon in the outer solar system for whIch such detailed topographical information is available. Using these data, workers at the Geological Survey have reprojected the Voyager images from new angles in order to highlight various fea-

tures of Miranda's bizarre terrain. The reprocessed images lend 
support to the theory that the moon froze in an embryonic stage 

of differentiation. According to this model, Miranda had enough 
internal heat early in its history to allow its ice and rock to form 
agglomerates (1). The rock began settling to the core and the ice 
began rising to the surface (2). Eventually large plumes of ice 
breached the surface, forming the ovoid patterns (3). Miranda's 
heat dwindled before the differentiation process could be finished. 

60 

© 1987 SCIENTIFIC AMERICAN, INC



Streamline your accounting with a 
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SCIENCE AND THE CITIZEN 
Germ Warfare 

I
n 1347 Tatars besieging Kaffa, a 

town on the Black Sea, catapult
ed corpses riddled with bubonic 

plague over its walls. This prImltlve 
germ warfare worked: plague swept 
through Kaffa and its people soon sur
rendered. All Europe paid for the vic
tory, however: ships sailing from Kaf
fa carried infested rats to other ports, 
sowing the seeds of the Black Death. 

The recognition that the effects of 
even carefully engineered biological 
weapons can be dangerously unpre
dictable induced President Nixon to 
renounce them in 1969. For more than 
a decade thereafter the u.S. biolog
ical-warfare program was virtually 
nonexistent. Under the Reagan Ad
ministration the program has revived, 
its budget growing from less than $10 
million to more than $60 million last 
year, spread among investigators in in
dustry and academia as well as in mili
tary laboratories. 

The buildup is coming under in
creasing criticism from the scientif
ic and arms-control community. The 
U.S. efforts, critics say, could unravel 
the only multilateral treaty that bans 
weapons of mass destruction: the Bio
logical Weapons Convention signed 
by 113 nations, including the U.S. and 
the U.S.S.R. 

Barbara H. Rosenberg of the Sloan
Kettering Institute for Cancer Re
search, a member of the Committee 
for Responsible Genetics, argues that 
even if the U.S. buildup stays with
in the treaty's legal limits, it could 
encourage other countries to initiate 
their own programs and trigger a glob
al biological arms race. Already, she 
observes, "there is international sus
picion on all sides." These suspicions 
dominated a meeting of signatories of 
the convention in Geneva last Septem
ber; a follow-up meeting is scheduled 
to take place this month. 

Pentagon officials maintain that the 
convention is unverifiable and that 
they must counter a growing threat 
from the Soviet Union and possibly 
from other countries as well as terror
ist groups. Advances in biotechnology, 
the officials note, have recently deep
ened the threat by making the design 
and manufacture of biological weap
ons far easier. The Department of De
fense stresses that its buildup is purely 
defensive-aimed at devising medical 
treatment and protective gear-and is 
allowed by the convention. 

To carry out this research, however, 
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Defense Department investigators say 
they must study the "threat," which in
cludes pathogens ranging from an
thrax to Venezuelan equine encepha
lomyelitis. It is the work on the offen
sive potential of pathogens and toxins 
that most concerns critics. A 1986 DOD 
report to Congress describes investiga
tions of the military potential of "new
ly discovered viruses" and of "aerosols 
of microbial organisms or their tox
ins." The Defense Department wants 
to expand its ability to do such re
search by constructing a new contain
ment facility at the Dugway Proving 
Grounds in Utah. The heart of the fa
cility would be an 18-cubic-foot cham
ber into which pathogens would be 
sprayed to test the efficacy of sen
sors, protective clothing, decontami
nants and other gear. 

The Defense Department's efforts 
have not gone unchecked. Two years 
ago Jeremy Rifkin, the antibiotechnol
ogy activist, won a court injunction 
that stalled construction of the Dug
way facility. Congress has trimmed 
budget requests and has ordered the 
department to keep it well informed. 
In January the House Judiciary Com
mittee introduced a bill that would 
make producing biological weapons 
even by Government personnel a 
criminal offense punishable by impris-

\ onment for life. 
Defense Department officials vehe

mently deny any interest in establish
ing an offensive capability. Their re
search is largely intended to protect 
U.S. troops stationed overseas from 
such common scourges as malaria and 
cholera, according to Thomas R. Da
shiell, a Pentagon official who over
sees the research programs. 

The depth of the Pentagon's con
cern about the military rather than the 
natural threat from biological agents, 
however, is suggested by the titles of 
some recent Pentagon "threat assess
ments" : "An Evaluation of Entomo
logical Warfare as a Potential Danger 
to the United States and European 
NATO Nations," "Biological Agent De
livery by ICBM" and "Biological Vul
nerability Assessment: the U.S. East 
Coast." 

When asked whether a genuine mili
tary threat justifies such studies, Pen
tagon officials cite "evidence of Sovi
et noncompliance" with the Biologi
cal Weapons Convention. Specifically, 
they allege that the deadly anthrax 
spores that killed Soviet citizens in 
Sverdlovsk in 1979 had leaked from a 
nearby plant that was mass-producing 

the spores, and that the Soviets have 
supplied their allies in Vietnam and 
Afghanistan with fungal toxins known 
as "yellow rain." The allegations are 
widely disputed, however, and Pen
tagon officials concede privately that 
they have little or no hard data on So
viet biological-warfare capabilities. 

Matthew Meselson of Harvard Uni
versity, an authority on biological 
weapons, notes that the reasoning that 
once led the U.S. to abandon its pro
gram is still valid. Rather than show
ing renewed interest in exploring the 
potential of biological weapons, he 
says, the U.S. should reemphasize its 
renunciation of them. 

Onward and Yupward 

The political party that wins the alle
giance of the success-bound man

agerial and professional cohort of 
the baby-boom generation could dom
inate American politics for many 
years, according to a study undertaken 
in 1965 by investigators at the Univer
sity of Michigan. Winning their alle
giance may, however, prove to be dif
ficult because they tend to be liberal 
on social issues and yet conservative 
on economic ones. 

The study is the work of M. Kent 
Jennings and Gregory B. Markus. Jen
nings started the project with a nation
wide survey of 1,669 members of the 
high school grad uating class of 1965 
and at least one parent of each student. 
In 1965 and again in 1973 and 1982 
the participants were asked about their 
views on such issues as domestic social 
spending, the Government's role in 
providing jobs and a minimum living 
standard, affirmative action for mi
norities, eq ual roles for men and wom
en, school integration, school prayer 
and abortion. They were also asked 
about their participation in presiden
tial elections and their choice of candi
dates. A final set of questions explored 
their attitudes toward various social 
and political organizations, including 
labor unions and big business. 

Jennings and Markus define Yup
pies (young, upwardly mobile profes
sionals) as people who have graduated 
from a four-year college, hold profes
sional or managerial jobs and have a 
family income of at least $30,000 per 
year in 1982 dollars. Yuppies consti
tute about 15 percent of the baby
boom generation (people born be
tween 1946 and 1964). As a group, the 
study found, they "took the most con
sistently liberal positions on prayer 
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in schools, integration, abortion and 
equality of gender roles." 

On the other hand, their attitudes on 
economic issues have moved "dramat
ically in a conservative direction." For 
example, 71 percent of the Yuppies in 
1982 opposed the idea that Govern
ment should take a strong role in pro
viding jobs and a good standard of 
living; 46 percent said they thought 
the Government spent too much on 
domestic services and 42 percent op
posed Government action to improve 
the social and economic position of 
blacks and ethnic minorities. The pri
mary reason the Yuppies have shifted 
toward conservatism on economic is
sues, the investigators believe, is "their 
entrance into the professional and 
managerial ranks and the economic 
advantages of those occupations." 

Non-Yuppie baby boomers were 
less opposed to Government action on 
jobs and domestic spending (respec
tively 57 and 35 percent) and some
what more opposed to affirmative-ac
tion programs (49 percent). On social 
issues they ranked well behind Yup
pies in support of an equal role for 
women, abortion and school integra
tion and well ahead of Yuppies in sup
port of school prayer. 

Solving the Yuppie paradox would 
give a political party or movement ma
jor leverage, the workers conclude. Al
though Yuppies are a minority of their 
generation, they are "numerically im
portant-IO to 20 million by generous 
definitions-and they are economical
ly advantaged and politically active in 
ways that magnify their numbers." 

Mars-struck 

I t is difficult to avoid a strong sense 
of deja vu as the call for an explora

tion of Mars gathers strength. Promi
nent investigators argue that science 
demands the adventure; they envision 
a role for astronauts. Then there is the 
Soviet card, which plays in two suits: 
war and peace. A joint U.S.-Soviet 
program, it is argued, would promote 
peace; lack of a unilateral program 
gives the Soviets a technological edge. 

As the new Congress gets to work on 
the budget, the Soviet theme has been 
gaining in intensity. In Washington 
word has spread that the U.S.S. R. is 
planning a new twin-spacecraft mis
sion to Mars in 1992-94, and there are 
rumors that the Soviets will propose 
an international Mars sample-return 
mission for 1998. The 1992-94 mis
sion would release meteorological bal
loons into the Martian atmosphere 
and send a penetrator into the soil. The 
new Soviet mission would expand an 
already impressive Mars exploration 

program, which also includes probes 
that will study Mars from orbit and 
land on Phobos (one of Mars's two 
moons) in 1989. 

If they are true, rumors about the 
Soviet program will intensify the pres
sure on the National Aeronautics and 
Space Administration and Congress 
to field an ambitious U.S. planetary 
program. There appears to be strong 
grass-roots support. Indignant enthusi
asts of planetary exploration swamped 
Congress and NASA with 12,000 letters 
in January and February, protesting 
the agency's decision to delay the Mars 
Observer until 1992. The spacecraft is 
planned to orbit the planet and pro
vide data on composition, topography 
and climate. The letter-writing cam
paign successfully "bought some extra 
time," according to Louis Friedman, 
executive director of the Planetary So
ciety, which organized the effort. In re
sponse to the protest and to concern on 
Capitol Hill, NASA relented. 

NASA'S earlier plan to delay the Mars 
Observer was forced on it by a short
age of launch slots on the shuttle fleet. 
The problem was that by the end of 
1990 NASA and its partners in the Eu
ropean Space Agency (ESA) will have 
four planetary-science payloads ready 
for launch but will have only three 
shuttle flights to launch them on. One 
payload had to go. 

Besides the Mars Observer there is 
Ulyss?s, a joint project with the ESA to 
send a spacecraft out of the plane of 
the solar system to explore the poles 
of the sun; Magellan, formerly known 
as Venus Radar Mapper, and Galileo, 

which will survey Jupiter's moons and 
send a probe into the Jovian atmos
phere. All flights have already suf
fered some delay, partly as a result 
of the Challenger accident. Provided 
the shuttle returns to service in Febru
ary of next year, Magellan will be 
launched in April, 1989. Galileo will 
probably follow at the end of 1989. 
The question was whether Ulysses or 
the Mars Observer should get the 1990 
shuttle slot. 

Appropriations committees of both 
houses of Congress were disturbed 
when NASA proposed putting off the 
Mars Observer until 1992. Congress 
suggested that NASA should delay Ulys
ses for a year instead and launch it with 
the new, untried Titan IV rocket. NASA 
demurred, in part because the delay of 
Ulysses would have meant reneging on 
agreements previously reached with 
the ESA. The ESA would have been 
"very unhappy" with a decision to de
lay the mission, according to an ESA of
ficial. NASA thereupon suggested put
ting the Mars Observer on the tried and 
tested Titan III rocket in 1990. A Titan 
III la unch wo uld cost less than $100 
million (compared with $250 million 
for a Titan IV launch). 

Furthermore, launching the Mars 
Observer in 1990 would allow it to car
ry out joint observations with the So
viet orbiter. "Everyone here at NASA 
wants to do it," according to associate 
administrator Burton I. Edelson. A 
1990 launch also has support in Con
gress, where Senator Spark M. Matsu
naga has proposed that 1992 be desig
nated International Space Year. NASA 

SUNNY SIDE OF MARS was viewed by the Viking 1 orbiter in 1976. This NASA image 
is a composite of three photographs made at a distance of 350,000 miles from the planet. 
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THE MERCEDES-BENZ 190 CLASS: 
THE SUBTLE DIFFERENCE BE1WEEN MASTERING 

THE ROAD AND MERELY COPING WITH IT. 

The road passes beneath you as always, but the 

sensations are markedly different. So is your 

state of mind. This is your first 

experience with a 190 Class se

dan, but already you are driving 

with calm confidence. The car 

has earned your tmst. 

It feels resolutely stable, 

going precisely where you steer it, 

refusing to waver off course or wallow 

over potholes. Even the severest bumps seem 

only a minor disturbance as the suspension 

gently quells the violence underneath. Negoti

ating a mn of switchback turns seems more 

routine business than high drama as the car 

shifts direction nimbly in response to your steer

ing commands. Sports sedans might occasion

ally handle this adroitly, but they seldom feel 

this composed. 

Suddenly the pavement deteriorates 

into washboard gravel, but the car tracks stead

fastly ahead, curiously unfazed by the change 

in terrain. It occurs to you that you have yet to 

hear a squeak or rattle. The engine remains 

almost subliminally quiet, wind noise a faint 

whisper when you hear it at all. You normally 

feel an urge to stretch your legs after si tti ng for so 

long, but now you feel the urge to keep driving. 
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Even if you chose the automatic transmission, 

you still find it easy to shift manual-style when 

the mood strikes, locating each 

gear by feel without glancing 

downward. Your driving has 

become pleasurably instinctive, 

as driving at its best should be. 

This ostensibly mystical 

exaltation of the driving experience 

springs from such technological ad

vances as "the most sophisticated steel suspen

sion ever put into volume production" (Britains 

Car Magazine). And the simple fact that a 190 

Class sedan is built like every Mercedes-Benz

not one ergonomic or safety principle sacrificed 

for the sake of cosmetic luxury or digital show

manship. Every detail of constmction and as

sembly meeting universally envied standards. 

The result is a sedan that does not 

"challenge" you in the macho sports-sedan 

tradition, but rather serves as a congenial and 

supremely capable ally-at once exciting and 

obedient, responsive and considerate. The road 

provides challenge enough. 

Engineered like no other car in the world 
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does not at present have in place the 
formal agreements it would need to 
collaborate with the Soviet Union in 
an international sample-return mis
sion to Mars, but the idea seems to 
have widespread appeal. 

PHYSICAL SCIENCES 

Supersite 

P resident Reagan's decision to sup
port construction of what will be 

the world's largest particle accelerator 
has sent a score of states or more 
scrambling to prepare site proposals. 
A technical panel will draw up a short 
list of finalists by the end of the year; 
the winner will be selected by Janu
ary, 1989. Whatever state industrial
development officials may understand 
about the secr.ets of the cosmos, they 
do know that the Superconducting Su
percollider (ssc) is guaranteed to bring 
significant economic benefits. 

The ssc is so named because it will 
employ superconducting magnets and 
because it is very big: it will occupy a 
tunnel 52 miles in circumference. The 
ssc has to be big because even super
conducting magnets are not strong 
enough to keep protons with the ex
tremely high momentum imparted by 
the ssc on a tighter curvature. The pro
tons, accelerated in opposite direc
tions, will slam into one another with a 
total energy of 40 TeV (trillion elec
tron volts). That is 20 times more 
than the energy achieved at Fermi
lab's Tevatron, currently the world's 
most powerful accelerator. 

Because the tunnel will be at least 20 
feet underground, stable geology is a 
prime consideration. Construction of 
an accelerator at CERN (the European 
laboratory for particle physics) in Ge
neva has been delayed for months be
cause a tunnel hit a fracture in the Jura 
Mountains that filled it with two feet 
of water. Social factors are also con
sidered important: the U.S. Depart
ment of Energy has asked potential 
sites to provide, among other things, 
the SAT averages of local students. Pre
sumably prospective staff members 
with children will be looking carefully 
at the quality of local schools. 

High-energy physicists believe the 
new particles produced by protons col
liding at very high energies will illu
minate the relations among the four 
known forces of nature and explain 
the origin of mass [see "The Super
conducting Supercollider," by J. Da
vid Jackson, Maury Tigner and Stan
ley Wojcicki; SCIENTIFIC AMERICAN, 
March, 1986]. 

Opposition to the ssc focuses on the 
issue of cost, which is now estimated to 
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be $4.4 billion in 1988 dollars. The ssc, 
opponents say, will draw funds away 
from other areas of science that might 
bring more immediate economic bene
fits. George C. Pimental of the Univer
sity of California at Berkeley, who in 
1985 studied the state of academic 
chemistry for the National Academy 
of Sciences, raises another issue. "The 
odds are," he says, "that the ssc will 
not have a great impact on the life and 
times of the average citizen." 

Secretary of Energy John S. Her
rington assures critics that the ssc will 
be built with new money and so will 
not affect other basic research. Arno 
A. Penzias, a vice-president of the 
AT&T Bell Laboratories who is a No
bel laureate and an outspoken oppo
nent of the ssc, says that will be true 
only if the Government does not in the 
future include ssc costs with those of 
other basic research. Administration 
officials point to their pledge to dou
ble the $1.6-billion budget of the Na
tional Science Foundation within five 
years as evidence that the Administra
tion is not starving other research. 

Among the states working on pro
posals, the front-runners seem to be Il
linois, California, Texas, Washington, 
Colorado, Ohio and Utah. Illinois, the 
site of Fermilab, is particularly eager 
to play host and is said to be ready to 
spend more than $7 million to bring 
the ssc to the state. It has an advan
tage: the existing Tevatron accelerator 
at Fermilab near Chicago might serve 

to inject protons into the main ssc ring. 
At least two states have indicated they 
would compensate for whatever ad
vantage the Tevatron is deemed to rep
resent by putting up hard cash-up to 
$500 million. 

At its peak ssc construction will cost 
$600 million per year. Congression
al staff members believe the project, 
although popular, will receive close 
scrutiny on Capitol Hill. The modest 
$35 million the Energy Department is 
asking for the ssc in 1988 will be "re
programmed" from other projects; the 
political strategy is apparently to get 
as many states as possible interested 
and then to ask for the big money in 
1989, when a new administration will 
be in office. Innovative financial ar
rangements to bring in money from 
other sources would sweeten the deal. 
Some countries, including Japan, have 
already expressed interest informally. 

Surfing on a Plasma Wave 

After the Superconducting Super
£\. collider is built, will physicists 
have to build an even bigger and cost
lier facility to delve deeper into the 
subatomic world? Not if an alterna
tive method for accelerating particles, 
called plasma wake-field acceleration, 
lives up to its theoretical promise. The 
technique, in which electrons are shot 
through a plasma of ionized gas rath
er than through a vacuum, has been 
simulated on supercomputers and will 

TWO BURSTS of electrons lasting for six picoseconds flash through a plasma-filled 
chamber 10 centimeters long in this simulation, by supercomputers at the Los Alamos 
National Laboratory, of wake-field acceleration. The first pulse (blue) creates a wake 
that boosts the smaller second pulse (yellow) to very high energies. The electromagnetic 
field created by the first pulse as it passes through the plasma "pinches" it in the middle. 
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soon be tested. If years of further test
ing prove fruitful, accelerators less 
than a mile long may someday boost 
particles to energies higher than those 
planned for the supercollider, which 
will be 52 miles in circumference. 

"This may be the next step beyond 
the supercollider," John M. Dawson 
of the University of California at Los 
Angeles says. Dawson, a plasma physi
cist, proposed the wake-field concept 
several years ago. Now researchers at 
the Argonne National Laboratory, the 
University of Wisconsin at Madison 
and the Los Alamos National Labora
tory, as well as at U.c.L.A., are work
ing to validate the idea. 

The technique involves sending two 
bursts of electrons through a plasma in 
rapid succession. As the initial burst 
speeds through the plasma it acts like a 
speedboat, kicking up a powerful wave 
in its wake. If the second, smaller burst 
of electrons trails just behind the first, 
it may be able to "surf" on the wave, 
absorbing as much as one billion volts 
of energy in the space of a meter. Con
ventional accelerators, in which suc
cessive voltage surges accelerate parti
cles down an evacuated pipe, can de
liver only about 20 million volts per 
meter; at higher voltages sparks may 
arc across the metal surfaces. 

The wake-field concept is similar to 
a more mature technique, also pro
posed by Dawson, in which the initial 
"speedboat" pulse consists of laser
generated photons rather than elec
trons. With laser pulses workers at 
U.C.L.A. have generated electromag
netic fields of one billion volts per me
ter in a plasma; Canadian investigators 
have reportedly accelerated electrons 
with the technique. To produce short, 
intense pulses, however, lasers must 
consume enormous amounts of pow
er; electron beams can be generated 
much more economically. 

Workers at Argonne, in collabora
tion with those at Madison, have as
sembled equipment for a test of the 
wake-field concept later this year, ac
cording to James D. Simpson, head of 
the project. The hardware consists of 
an electron accelerator, a plasma drift 
tube 10 centimeters long and diagnos
tic gear. Simpson says that Argonne's 
powerful electron accelerator has been 
modified to generate pulses lasting for 
a scant six trillionths of a second. 

The Los Alamos investigators have 
already simulated the machine's per
formance on supercomputers. Their 
simulations predict that the electro
magnetic field generated by the pas
sage of the first electron pulse through 
the plasma will "pinch" the pulse in 
the middle. The pinching in turn will 
roughly double the strength of the 
field, boosting it to about 170 million 

volts, according to Rhon Keinigs of 
Los Alamos. 

Wake-field machines could acceler
ate either electrons or their antimat
ter twins, positrons. Applying the tech
niq ue to heavier particles-in partic
ular to protons, whose collisions will 
be studied in the supercollider and are 
being studied now at CERN and Fer
milab-would be "a little trickier," 
Keinigs says. Although proton colli
sions yield more constituent particles, 
Dawson maintains that collisions of 
electrons can provide physicists with 
just as much important data. Because 
the collisions create less "debris," he 
adds, the results are easier to interpret. 

Core Columns 

Measurements of the earth's mag
netic field made hundreds of 

years ago by Sir Edmund Halley, Cap
tain James Cook and others have en
abled a pair of investigators to sketch a 
picture of the events inside the core of 
the earth that create and sustain the 
magnetic field. 

Writing in Nature, David Gubbins 
of the University of Cambridge and 
Jeremy Bloxham of Harvard Univer
sity suggest that the dynamolike mo
tions of molten metal in the core that 
generate the magnetic field may in
volve enormous, slowly rotating col
umns of sinking or rising fluid. The 
columns are parallel to the earth's axis 
of rotation; their positions may be de
termined in part by temperature vari
ations within the inner layer of the 
earth's mantle (the thick shell of the 
earth that lies between the thin crust 
and the core). 

Halley, Cook and the others had 
measured the strength and direction of 
the magnetic field at various points on 
the surface of the earth. With the aid 
of mathematical techniques developed 
for the purpose, Gubbins and Blox
ham converted the historical measure
ments into maps of the shape and 
intensity of the field at the surface 
of the earth's core. By accumulating 
measurements made at several distinct 
times, they were able to show how the 
field at the surface of the core has 
changed. 

In analyzing the changes they found 
several features that had not changed. 
Among these features are four roughly 
circular regions in which an intense 
concentration of magnetic field lines 
enters or exits from the surface of the 
core; the positions of these four re
gions (in relation to the positions of the 
continents on the surface of the earth) 
have been constant for more than 250 
years. Two of the regions of high flux 
are in the Northern Hemisphere, un
der Siberia and western Canada. They 

are separated by about 120 degrees 
of longitude. The other two are in the 
Southern Hemisphere, directly "un
derneath" the northern pair; in other 
words, they are at the same longitudes 
as the other pair and at about the same 
distance from the Equator. 

This arrangement suggested to Gub
bins and Bloxham that the circular re
gions of high intensity represent the 
tops and bottoms of slowly rotating 
columns of fluid. Such columns might 
be expected to form naturally because 
of Coriolis forces (swirling forces gen
erated by the rotation of the earth). 
Within each column fluid is sinking 
from the core's surface toward the 
plane of the Equator. The lines of 
magnetic force are "trapped" in the 
moving fluid, and so as it sinks it pulls 
flux lines with it, concentrating them 
within the cylinder. At the equatorial 
plane the fluid becomes mixed irreg
ularly with the rest of the fluid that 
makes up the core. 

The relative positions of the two col
umns-they are separated by one-third 
of the earth's circumference-suggests 
that there might be a third column, 
separated by 120 degrees from each of 
the others. That would put it under the 
Atlantic Ocean, a region in which the 
field at the surface of the core has 
changed rapidly over the,past few cen
turies. Perhaps the vigorous motions 
in the core that have caused the field to 
change so rapidly have also dissipated 
the column of fluid that would other
wise have formed there. Equations de
scribing the formation of the columns 
suggest that there should also be three 
columns of fluid rising from the equa
torial plane toward the core's surface 
rather than sinking; each column of 
rising fluid would be between two col
umns of sinking fluid. Columns of ris
ing fluid would tend to dissipate lines 
of magnetic force at the surface of the 
core, creating regions of very low flux. 
Gubbins and Bloxham have found evi
dence of such regions. 

Why are the core columns station
ary with respect to the earth's mantle? 
The core and the mantle are not tight
ly coupled, and rotating formations of 
fluid in the core would normally be ex
pected to drift westward as the earth 
rotates. Gubbins and Bloxham think 
the answer may lie in the lower mantle, 
at its boundary with the core. 

They note that seismic data, ana
lyzed by Adam M. Dziewonski and 
John H. Woodhouse of Harvard, re
veal cold spots within the mantle di
rectly over the regions of sinking flu
id. Perhaps the cold spots, by cooling 
some of the core fluid, are driving 
the downward convection of fluid in 
the core. Cold spots in the mantle can 
have only a very weak influence on the 
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core, but if the fluid in the core is likely 
to establish a convective flow anyway, 
even a very small influence from the 
mantle could affect the positioning of 
the convective cells. 

Getting Small 

P luto, the outermost known planet in 
the solar system, has always been 

recalcitrant to observation. Both its 
distance (about four and a half billion 
kilometers at its closest approach to 
the earth) and the fact that it reflects so 
little light have put a limit on knowl
edge about the planet. Pluto was not 
even discovered until 1930, and it took 
another half century before the planet 
was found to have a satellite. Until re
cently not even Pluto's size was pre
cisely known; most estimates placed 
the planet's diameter at about 4,000 
kilometers. 

It is therefore understandable that 
when the configuration of Pluto, its 
satellite and the earth is propitious for 
gathering information on the Plutoni
an system, astronomers cannot let the 
opportunity pass unexploited-partic
ularly since it arises only twice in the 
248-year orbit of the planet. Two Ger
man astronomers have taken advan
tage of just such an opportunity to 
make tele�;copic measurements of the 
planet's size and mass as well as those 
of its satellite. Their results indicate 
that Pluto is only about half as big as it 
was thought to be. 

Since the discovery in 1978 of Char
on, Pluto's satellite, planetary astrono
mers have recognized that the satel
lite's orbital motion could be used to 
calculak the dimensions of both bod
ies of thr Plutonian system: by observ
ing how the brightness of the system 
varies as Charon passes in front of and 
behind Pluto (events respectively con
stituting an eclipse of Pluto and an oc
cultation of Charon), the diameter and 
mass of the two bodies could be es
timated. The only problem was that, 
from the point of view of an observer 
on the earth, Pluto and Charon would 
not be properly aligned for such meas
urements until the mid-1980's. Actual
ly it took until 1986 before the celestial 
bodies were precisely lined up. That 
is when Manfred Pakull and Klaus 
Reinsch of the Technical University 
of Berlin made the appropriate light
intensity measurements at the Euro
pean Southern Observatory on Mount 
La Silla in Chile. 

Their observations and calculations 
have yielded the most accurate values 
for the size of Pluto <Jnd Charon. The 
astronomers report that Pluto's diame
ter is 2,200 kilometers and Charon'S is 
1,160 kilometers. Assuming that Pluto 
and Charon consist of the same mate-
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rial-probably a mixture of rock and 
frozen gases-Charon accounts for as 
much as 13 percent of the total mass 
of the system. In contrast, the earth's 
moon is about 3,470 kilometers in di
ameter and represents no more than 
I percent of the overall mass of the 
earth-moon system. 

MEDICINE 

Key to Alzheimer's? 

Agenetic defect implicated in at 
least one type of Alzheimer's dis

ease has been tracked to chromosome 
No. 21-the chromosome associated 
with Down syndrome, a major cause 
of mental retardation. 

Although it is often thought of as a 
disease of old age, Alzheimer's strikes 
members of some rare families when 
they are in their fifties or even young
er. Two separate lines of research re
ported in Science suggest a possible un
derlying disorder in familial Alzhei
mer's disease that might also account 
for cases-the great majority-that are 
not now known to be inherited. 

One of the two approaches was 
genetic mapping. Investigators from 
France, Italy and West Germany col
laborated with Peter H. St. George
Hyslop and James F. Gusella of the 
Harvard Medical School and others to 
assemble four detailed pedigrees of fa
milial Alzheimer's, one of them cover
ing eight generations. By analyzing the 
pattern of inheritance of DNA in sur
viving family members with markers 
that bind at known points on a single 
chromosome, the workers were able to 
define a narrow band on chromosome 
21 that probably included the site of a 
genetic error causing the disease. An 
extra copy of chromosome 21 is pres
ent in victims of Down syndrome, and 
older Down-syndrome patients often 
develop a condition like Alzheimer's. 
Besides the clinical effects they share, 
both groups have abnormal deposits in 
the brain of an unusual protein called 
amyloid beta. 

The second line of research attacked 
the problem from a different direc
tion. Groups headed by Dmitry Gold
gaber of the National Institute of Neu
rological and Communicative Disor
ders and Stroke and by Rudolph E. 
Tanzi and Rachael Neve of the Har
vard Medical School synthesized short 
strands of pseudo-DNA designed to 
bind to the gene for amyloid beta pro
tein. After surmounting several ob
stacles both groups found that the fi
nal versions of their probes bound to-
chromosome 21. In other wurds, the 
gene was close to (although not nec
essarily coir.cident with) the defect 

mapped by St. George-Hyslop and 
Gusella. Similar results were reported 
in the Lancet by Nicholas Robakis of 
the New York State Institute for Basic 
Research in Mental Retardation. 

Amyloid beta protein appears to de
rive from a larger protein that is found 
in many body tissues. Because parts of 
the precursor are strongly conserved 
in evolution, it seems likely that it does 
an important job; a paper published in 
Nature suggests that it may be a cell
surface receptor. The defect that leads 
to amyloid beta protein's being depos
ited as characteristic plaques in the 
brain of Alzheimer's-disease and some 
Down-syndrome patients might be in 
the gene that codes for the protein it
self or in some other gene that affects 
it, and a major effort to separate the 
two possibilities will now be getting 
under way. 

Unfortunately the new knowledge 
does not in itself offer hope of any 
cure or palliative for Alzheimer's or 
Down syndrome in the near future. 
One prospect that can be foreseen, 
however, is a genetic probe with which 
to identify individuals in affected fam
ilies who are likely to develop Alzhei
mer's; Gusella estimates that a test 
might be available in from three to 
five years. Whether such a test could 
predict the disease in people outside 
known affected families will depend 
on whether some subtle genetic pre
disposition is found to underlie those 
cases too. 

Doctored Data 

Tike the Italian, Flemish and Dutch 
L masters of painting, distinguished 
research scientists at major institutions 
often associate their names with work 
in which they did not take direct part. 
The practice may be justifiable, but it 
is also risky. In the case of the painter 
an inferior work can debase the coin
age of his posterity; in the case of the 
scientist it can lead to association with 
fraud. Although there is not even a 
suspicion that the lead investigators in
volved in such situations have know
ingly participated in deceit, such inci
dents do raise serious questions about 
the atmosphere in which big-time sci
ence is done. 

At the University of California at 
San Diego one promising junior in
vestigator allegedly published 68 pa
pers containing fabricated data. At the 
Dana Farber Cancer Institute in Bos
ton a principal investigator withdrew 
two papers announcing the discovery 
of an interleukin when he discovered 
that one of his coauthors had falsified 
data. Trust in fcllow workers, collabo
raturs and peers "is at the core of the 
best science," says Gerald R. Fink of 
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the Whitehead Institute at the Massa
chusetts Institute of Technology. Fal
sification or intentional misrepresen
tation of data is blatant abuse of that 
trust. Why do such incidents happen? 

A pattern runs through the known 
cases of fraud, according to Efraim 
Racker of Cornell University. It was 
in his laboratory a few years ago that 
an investigator reportedly substituted 
iodine for phosphorus in experiments 
designed to clarify the difference be
tween malignant cells and normal 
cells. Racker characterizes individuals 
involved in fraud as being brilliant 
enough to make key discoveries hon
estly. By choosing to falsify data bear
ing on important findings, they almost 
ensure their eventual unmasking be
cause their experiments are certain to 
be subjected to repeated efforts at d u
plication. The cleverness with which 
such individuals cover their tracks can 
make their deceptions hard to detect. 
Still, notes Philip A. Sharp of M.I.T., 
"it is very difficult to fabricate large 
bodies of data," and an investigator 
"close enough to the experiment" can 
catch most tampering. 

How close, though, is close enough? 
A primary scientist should examine at 
least most of the raw data and choose 
what fraction is suitable for publish
ing, says J. Stephen Shaw of the Na
tional Cancer Institute. Peer interac
tion within the laboratory should be 
encouraged, according to Timothy A. 
Springer of Dana Farber. 

Three of the most important factors 
limiting the critical examination of 
data by leading investigators are large 
laboratory size, a layered structure of 
supervision and pressure to publish. 
These are also factors that tend to put 
stress on vulnerable junior workers. 
There can be no one ideal laborato
ry size, but many investigators think 
from 20 to 25 doctoral students are the 
most any one person can supervise. A 
situation in which intermediate-level 
scientists stand between the head of 
the laboratory and the doctoral stu
dents who generate the data is tradi
tional in medical schools, according to 
Robert A. Weinberg of the Whitehead 
Institute; it is an "invitation to disas
ter" because it lessens the principal sci
entist's involvement in data collection. 
Kenneth L. Brigham of the Vanderbilt 
University School of Medicine main
tains, on the other hand, that the in
termediate level can be an advantage, 
adding an additional check on the con
sistency of data. 

Pressure to publish can filter into 
any laboratory. Daniel Nathans of the 
Johns Hopkins University School of 
Medicine thinks "it is one of the re
sponsibilities of a lab head to protect 
junior people from the pressure to 

publish and to encourage an atmos
phere in which the most creative work 
sets the tone of the lab." 

Sometimes the number of papers on 
which an investigator's name appears 
can signal a warning. In the San Diego 
case the rate of publication (nearly one 
paper every 10 days) seemed in retro
spect to have merited suspicion. Yet, 
although it should be detrimental to a 
worker's reputation to "dribble papers 
everywhere," Sharp says, there is no 
magic number that signifies the limit 
of one individ ual's creativity. Accord
ing to Baruj Benacerraf, head of Dana 
Farber, ·an arbitrary cap on publica
tion would do science no good. Investi
gators tend to agree, though, that insti
tutions might do well to sever the per
ceived link between quantity of papers 
and prestige or promotion. 

That link may have an effect on the 
coauthors unwittingly implicated in 
what turns out to be doctored work. 
In a recent issue of Nature Walter W. 
Stewart and Ned Feder of the Nation
al Institute of Arthritis, Diabetes, and 
Digestive Diseases examine the case 
of John C. Darsee, who was found to 
have altered data in papers he pub
lished while at the Emory University 
School of Medicine and the Harvard 
Medical School. 

Stewart and Feder argue that some 
of Darsee's coauthors, including his 
principal investigator at Harvard, Eu
..gene Braunwald, were not involved 
enough in the research to detect shod
dy workmanship, let alone fabrication. 

It may be hard to set a precise limit on 
the number of papers a senior investi
gator can deal with, but it is clear, ac
cording to one National Institutes of 
Health worker who did not want to be 
named, "that any principal researcher 
who is named on over 150 papers a 
year does not know precisely what is 
going on." 

Designer Therapeutics 

What do malignant tumors and in
fectious diseases have in com

mon, besides unpleasant consequences 
for their hosts? One answer is rapid 
DNA replication, either in the tumor 
cells or in the pathogen. Thwart the 
means by which DNA replicates, and 
cancers and pathogens can no longer 
spread. The difficulty is to find a way 
of doing so that affects only the dis
ease process or at least does not dis
rupt other cell functions. 

Two important anticancer drugs, 
methotrexate and 5-fiuorouracil, work 
this way. Methotrexate interferes with 
the enzyme dihydrofolate reductase; 
5-fiuorouracil is changed in the body 
into a chemical that puts out of action 
the enzyme thymidylate synthase (TS). 
Both enzymes catalyze reactions that 
must proceed in order to make the 
DNA precursor deoxythymidine. Be
cause tumor cells multiply faster than 
most normal cells, the agents are more 
damaging to malignant tissue than 
they are to normal tissue; they also 
tend to spare vital processes dependent 

THYMIDYLATE SYNTHASE ENZYME is composed of two subunits, shown in red and 
blue. White stippling shows where the enzyme binds to its substrate. The computer image 
was generated by Robert M. Stroud of the University of California at San Francisco. 
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on RNA because RNA incorporates 
uridine as a building block rather than 
deoxythymidine. 

Precise knowledge of the molecular 
structure of an enzyme, coupled with 
modeling on a supercomputer of drug
target interactions, might allow chem
ists to tailor-make anticancer and an
timicrobial drugs, thus improving 
on the traditional combination of in
tuition and experiment. One recent 
group of papers in Science illustrates 
how precisely enzyme-substrate inter
actions can now be calculated. Using 
matched pairs of synthetic inhibitors 
for the enzyme thermolysin, investiga
tors led by Peter A. Kollman of the 
University of California at San Fran
cisco were able to calculate the energy 
associated with one specific hydrogen 
bond in a complex enzyme-substrate 
interaction-and then to demonstrate 
in the laboratory that the calculation 
was correct. 

Exact definition of structure has 
also been achieved. Workers at the 
University of California at San Fran
cisco have reported in Science the 
structure of the enzyme TS down to a 
resolution of three angstrom units, or 
30 billionths of a centimeter. The tech
nique used by Larry W. Hardy and 
his colleagues was X-ray diffraction, 
speeded by a new detector that allows 
diffraction patterns to be sent directly 
into a computer. 

The TS that Hardy and his co-work
ers investigated was from the bacteri
um Lactobacillus casei. Hardy expects 
it will now be much easier to deter
mine the structure of TS in other or
ganisms. It may even be possible to 
design inhibitors that bind to a path
ogen's TS but not to that of its host. 
To that end Hardy and his colleagues 
have begun to model how the enzyme 
changes shape when it binds to a possi
ble inhibitor. 

Joseph Kraut of the University of 
California at San Diego and Agouron 
Pharmaceuticals, Inc., a private drug
research company, professes to have 
already elucidated this relation. Al
though the details of the work are pro
prietary, Kraut says that Agouron is 
already using the structure of bound 
Escherichia coli TS to design possible 
drugs, exploiting recombinant-DN A 
techniq ues to prod uce the enzyme in 
large (milligram) quantities. 

Knowing the structure of TS does 
not mean that design of an effective 
drug will be easy. The detailed struc
ture of dihydrofolate reductase, for 
example, has been known for years, 
but there are still no radical improve
ments on its inhibitor methotrexate, 
discovered through the old try-it-and
see method. 

Yet there are grounds for thinking 
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TS is a better target than dihydrofolate 
reductase for controlling DNA repli
cation, according to David A. Mat
thews of Agouron. One is that TS does 
not participate in other important syn
thetic pathways, and so blocking it is 
less likely to wreak unintended havoc. 
Another reason is that TS, unlike dihy
drofolate reductase, catalyzes a rate
limiting step in DNA synthesis and 
hence should provide more leverage. 

Several designer therapeutic drugs 
may be on the way. Besides TS and di
hydrofolate reductase, investigators at 
pharmaceutical companies are study
ing such target proteins as renin (part 
of the body's blood-pressure control 
mechanism), phospholipase (one form 
of which plays an important part in ar
thritis) and elastase (which takes part 
in the destruction of lung tissue that 
leads to emphysema). 

Immune to Pregnancy 

I n recent years the wider availability 
of vaccines against such common 

diseases as smallpox, cholera and po
lio has lowered the mortality rate of 
newborn infants and extended the life 
expectancy of adults in many Third 
World countries. In India health offi
cials believe they may have found the 
solution to a rather different prob
lem-birth control-in yet another vac
cine: one that protects women against 
pregnancy as well as disease. The vac
cine has proved effective and safe in 
animals, rendering them infertile for 
more than a year. Last summer India's 
National Institute of Immunology be
gan tests in 88 female volunteers at 
five different centers. If these clinical 
trials are successful, the Indian Coun
cil of Medical Research may soon au
thorize a wider program. 

The vaccine induces the secretion 
of antibodies that neutralize a hor
mone, human chorionic gonadotropin 
(hCG). Released soon after fertiliza
tion of an egg, hCG is vital to the proc
ess whereby the egg attaches to the 
wall of the uterus and begins to devel
op into an embryo; without hCG the 
egg is shed during the woman's next 
menstrual cycle. The vaccine is made 
of a subunit of hCG. By itself the hCG 
subunit does not induce antibodies, 
and so it is linked to an immunogen
ic "carrier" made of the tetanus and 
cholera toxoids. (Toxoids are attenuat
ed toxins that serve as vaccines against 
specific pathogens.) 

Research has already shown that 
when this hybrid antigen is injected 
into a woman, her immune system 
produces antibodies that bind to hCG 
as well as to tetanus and cholera path
ogens, according to G. P. Talwar, di
rector of the National Institute. He 

notes that the tetanus and cholera tox
oids were chosen as carriers for three 

. reasons: the diseases are still wide
spread; the vaccines have been admin
istered to hundreds of millions of peo
ple and so their effects are well known; 
and the effects, while lasting for a year 
or more, are not permanent. 

A version of the hCG vaccine in 
which the tetanus toxoid alone was the 
carrier was tested in 65 women several 
years ago. Four injections of the vac
cine ind uced the prod uction of hCG 
antibodies in 63 of the women for pe
riods ranging from 300 to 500 days 
without interfering with their nor
mal ovulation or menstrual cycles or 
affecting them adversely in any oth
er way, Talwar says. The vaccine did 
produce different levels of antibodies 
in different women, and in some sub
jects the levels were not high enough to 
prevent pregnancy. For this reason the 
investigators decided to add the chol
era toxoid as a carrier for the recent 
tests. Talwar explains that jointly the 
tetanus and cholera toxoids should 
stimulate a greater immune response. 

In the current trials the women re
ceive three injections at one-month 
intervals and a fourth injection six 
months later. Ideally, Talwar says, the 
research will produce a vaccine pow
erful enough for a single injection to 
prevent pregnancy for up to a year. 

AIDS: Breaking Out? 

Heterosexual contacts of members 
of groups at high risk for acquir

ing AIDS account for 4 percent of all re
corded cases of the disease. That cat
egory is the only one that is grow
ing faster than the entire population of 
AIDS patients, according to Timothy 
J. Dondero of the Federal Centers 
for Disease Control (CDC) in Atlanta. 
Does this presage a spread through the 
U.S. heterosexual population compa
rable to the attack rate in the male ho
mosexual population? 

Because AIDS has a long latency peri
od, the best strategy for seeing what 
the future holds is to analyze how new
ly infected individuals who have yet 
to show symptoms were exposed to 
the disease. If a growing proportion of 
new cases were found to be not in any 
of the established risk groups, it would 
be a sign that the virus was breaking 
out of its stronghold among intrave
nous-drug users and homosexual and 
bisex ual men. 

Unfortunately information on pre
clinical infection is hard to acquire. 
Whereas 90 percent or more of the 
AIDS cases that meet the definition of 
the disease proposed by the CDC are re
ported to the agency, simple infection 
with the AIDS virus, as revealed by the 
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presence of antibodies in the blood, is 
not recorded on a national level. 

Of the scant data on infection that 
are available, some of the best come 
from blood donors who test positively 
for AIDS antibodies and from actual 
or would-be members of the military 
who are excluded for the same reason. 
Would-be blood donors who have had 
homosexual relations are asked not to 
donate, and yet some donors test posi
tively. Roger Y. Dodd of the Ameri
can Red Cross says preliminary data 
from a questionnaire study of such do
nors made a year ago suggest that "in 
most cases careful questioning will re
veal traditional risk factors." 

The same pattern is observed in 
studies of would-be military recruits 
and former members of the military 
in Colorado, one of five states where 
it is mandatory that positive antibody 
tests be reported. According to John B. 
Muth, director of the El Paso County 
Health Department, every member of 
a group of 21 men in Colorado Springs 
who were retired from the armed serv
ices because they were infected was 
found, in detailed and sympathetic 
counseling, to have participated in ho
mosexual activity or, in a few cases, 
intravenous-drug use. Similar results 
emerged from a small study of would
be recruits conducted by Thomas M. 
Vernon, executive director of the Col
orado Department of Health. 

In New York City, Rand L. Stone
burner of the Health Department has 
established a study designed specifi
cally to act as an "early warning" if 
AIDS starts to become "free-floating" 
among heterosexuals. Stoneburner is 
looking for the presence of AIDS an
tibody among heterosexuals who are 
regular patients at a clinic for sexually 
transmitted diseases. So far all cases 
among 50 patients have been traceable 
to known risk categories. 

There are no signs so far that AIDS 
has established itself beyond this pe
rimeter, and the surge of cases among 
heterosexual contacts of those at high 
risk can probably be traced to the dis
ease's long latency. It is also true that 
the rate of increase in the number of 
cases has been declining. None of this 
implies an improving outlook. AIDS 
spreads rapidly. The declining rate of 
increase could mean merely that the 
popUlation of susceptible high-risk in
dividuals is becoming saturated. 

No Calcium Fix 

C alcium supplementation has been 
attracting much attention as a 

means of preventing osteoporosis, a 
bone disease of older people-women 
in particular-marked by the deminer
alization of bone and increased sus-
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ceptibility to fractures. Two recent 
studies cast doubt on calcium therapy. 
They show that large doses of calcium 
given to women just past menopause, 
when bone loss is most rapid, have lit
tle or no effect on the rate at which 
bone density declines. On the other 
hand, both studies support the efficacy 
of estrogen therapy. Administration of 
the female sex hormone has long been 
known to slow the rate of bone loss 
significantly but has been resisted by 
some clinicians because large doses of 
estrogen alone can increase the risk of 
uterine cancer. 

In the New England Journal of Medi
cine Bente Riis, Karsten Thomsen and 
Claus Christiansen of Glostrup Hospi
tal in Copenhagen describe a double
blind clinical study in which 43 wom
en in the early postmenopausal peri
od were divided into three treatment 
groups. Each group received either es
trogen, 2,000 milligrams of calcium a 
day or placebos. After two years bone
mineral content had decreased signifi
cantly in the groups receiving calcium 
or placebos but not in the group re
ceiving estrogen. Additional measure
ments showed that estrogen prevent
ed bone loss throughout the skeleton, 
whereas calcium had only a minor ef
fect in slowing demineralization, and 
that effect was only in compact corti
cal bone: the shafts of the long bones. 

A team headed by Bruce Ettinger of 
the Kaiser Permanente Medical Cen
ter in San Francisco has published 
a similar study in Annals of Inter
nal Medicine. A daily calcium supple
ment of 1,000 milligrams (added to an 
average of 750 milligrams of dietary 
calcium) had no effect on the loss of 
trabecular bone, which is the spongy 
bone in the spine and at the ends of 
long bones. Nor did the team see a sig
nificant effect on the rate of cortical
bone loss. 

Why not combine estrogen and cal
cium rather than trying to choose be
tween the two? Ettinger's group did 
just that and found that giving calcium 
halved the amount of estrogen needed 
to prevent bone loss. Ironically, less es
trogen may not be better, according to 
Ettinger. The hormone's role in pre
venting heart disease (by influencing 
the metabolism of cholesterol in the 
liver) may be even more vital than its 
effect on osteoporosis-and that role is 
dose-dependent. 

Estrogen remains controversial. Yet 
combining estrogen and progesterone, 
Ettinger says, "completely obviates" 
the risk of uterine cancer and reduces 
the risk of fracture by 50 percent. "The 
vast majority of women will benefit 
from taking estrogen during the early 
postmenopausal years," he maintains. 
Speed is essential, because right after 

menopause a woman loses from 5 to 6 
percent of bone mass annually from 
her spine. 

Ultimately there may be no simple 
remedy for osteoporosis. Estrogen and 
calcium are part of the picture, but so 
are parathyroid hormone and perhaps 
such trace minerals as manganese and 
copper. In addition the role of the vari
ous agents depends on a person's age. 
For example, according to Ettinger 
calcium intake is less important than 
estrogen between the ages of 50 and 
65, but it becomes important again be
tween the ages of 65 and 80, after bone 
loss has slowed. 

TECHNOLOGY 

Great X-pectations 

As molecular analysis and minia
I\. turization become the hallmarks 
of modern technology, the search for 
tools to visualize minuscule structures 
becomes increasingly urgent. One of 
the most promising methods has fi
nally come of age. X-ray microscopy, 
a technique proposed more than 90 
years ago, is now proving its potential 
in disciplines ranging from biology to 
materials science. 

When Wilhelm Roentgen discov
ered X rays in 1895, he realized the 
rays can "see" molecular detail be
cause their wavelengths are extreme
ly short-shorter by several orders of 
magnitude than those used in light 
microscopy. This powerful resolution, 
however, could not be harnessed with
out some means of focusing X-radia
tion. In principle a focusing device 
called a Fresnel lens would do the 
trick. The lenses are etched so that 
opaque ridges emanate in concentric 
circles from the center; the ridges are 
carefully spaced so that they force the 
radiation that slips between them to 
bend toward a common focal point. 

Fresnel lenses for visible light were 
easy to construct, but in order to work 
with X rays the lenses had to be bare
ly 60 millionths of a meter wide and 
made of gold, one of the few materials 
that can influence X-radiation. Until 
four or five years ago manufacturers 
could not produce Fresnel lenses to 
such tight specifications. Then the 
drive to reduce the size of semiconduc
tor chips led to the development of 
microfabrication techniques accurate 
enough to make tiny Fresnel lenses 
as well. 

Research in X-ray sources advanced 
concurrently with progress in X-ray 
lenses. For most applications the rays 
must be very intense and be confined 
to one wavelength. Today the standard 
source is a synchrotron, a type of par-
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ticle accelerator, fitted with an undu
lator that boosts X-ray intensity and 
controls the wavelengths emitted. Uti
lizing this technology, workers at IBM 
and the Brookhaven National Labora
tory recently achieved a resolution of 
500 angstrom units (one angstrom unit 
is equal to one-tenth of a billionth of 
a meter). 

An X-ray microscope produces im
ages by beaming focused radiation at a 
sample; some structures absorb the X 
rays and others pass them on. Detec
tors measure either the transmission 
or the absorption of radiation. Trans
mitted X rays make "shadowgraphs," 
on photoresistant materials, that can 
be examined with an electron micro
scope. Alternatively, lenses can con
dense the rays into a small beam that 
scans a sample point by point; then 
a computer assembles and enlarges 
the separate transmission patterns in a 
composite image. 

X-ray absorption prompts charac
teristic fluorescent emissions from a 
chemical element, and so the micro
scopes can convey the elemental com
position as well as the structural fea
tures of a sample. Hence the unobtru
sive probe can map the concentrations 
of trace elements in living tissue. It will 
also enable geologists to study the an
cestry of rocks by revealing their min
eral constituents and help engineers to 
locate cracks and flaws in materials 
under stress. 

Because the microscope can accept 
whole, living and untreated cells as 
subjects, biologists can observe direct
ly intracellular activities and respon
ses to light, heat and chemical chang
es. The electronics industry that gave 
birth to Fresnel lenses likewise stands 
to benefit: X-ray microscopy can gen
erate chemical profiles of the inter
faces on semiconductor chips-junc
tions that have become more trouble
some and more difficult to visualize as 
chips shrink in size. 

A Polyurethane Proboscis 

- Given the somewhat anthropocen-
tric outlook of Homo sapiens, it is 

not surprising that robotic arms and 
grippers are constructed of rigid bars 
with hinged or swiveling joints. Could 
robots be modeled after a more flexi
ble natural manipulator-an elephant's 
trunk, perhaps? 

To explore this possibility a team 
led by James F. Wilson of Duke Uni
versity has built a two-foot-long, pneu
matic, polyurethane trunk. Its rep
ertory is limited: its most impressive 
feat involves snatching a half-pound 
object off a table and lifting it to a 
nearby shelf. Nevertheless, Wilson be
lieves offspring of this "compliant ro-

bot" could do certain tasks, partic
ularly those requiring heavy lifting 
without great precision, more cheap
ly than stiff-limbed robots. 

Before building the device Wilson 
and his colleagues spent several years 
studying what they call hydrostats: 
fixed-volume "bags" of watery tissue 
such as tongues, tentacles and worms, 
as well as trunks. Hydrostats perform 
a wide variety of tasks through the 
interaction of three types of muscles: 
those that traverse the length of the hy
drostat and make it shorten as they 
contract; those that encircle the hydro
stat and, as they squeeze it, make it 
lengthen, and those that spiral around 
the hydrostat and can cause it to twist. 

In Wilson's first trunk the "muscles" 
work not by contracting but by ex
panding. The muscles consist of six 
half-bellows-flexible tubes corrugat
ed on one side-that are joined end to 
end. Two more half-bellows at the end 
of the trunk serve as a gripper. The 
trunk is connected to an air compres
sor by means of a pneumatic control
ler that, on orders from a computer, 

regulates the flow of air into and out of 
each half-bellows. 

Perhaps the greatest limitation of 
the design is that each tube, unlike 
a section of an elephant's trunk, can 
bend in only one direction. A blast of 
air causes the corrugated side to ex
pand and the tube to bend in the op
posite direction. Orienting the corru
gation in different directions enables 
the artificial trunk to move in three 
dimensions. Wilson hopes that adding 
helically corrugated sections that twist 
under pressure will further increase 
the trunk's flexibility. 

Wilson thinks it may be possible to 
build compliant robots that can lift 
twice their own weight. Typical steel 
robots, he notes, can lift only one
fourth of their weight. Since compliant 
robots have virtually no moving parts, 
they should also be more robust than 
conventional robots, particularly in 
dirty environments. 

The U.S. Defense Advanced Re
search Projects Agency, which funds 
the research, declines to reveal what it 
might do with compliant robots. Wil-

FLEXIBLE PNEUMATIC ROBOT plucks an object off a table, lifts it high and deposits 
it on a shelf. The robot, built at Duke University, is powered by computer-controlled 

blasts of air. The sequence in this stroboscopic photograph took less than five seconds. 
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son suggests they could tackle back
breaking chores in a wide range of set
tings-for example, stacking bags of 
cement on a construction site, han
dling crates in a warehouse or loading 
artillery shells on a battlefield. Com
pliant robots might even walk on com
pliant legs. Wilson says he is designing 
a platform that can scurry about on 
polyurethane tubes. 

Water Wings 

An investigation of nature's wings 
I\.. and fins by an aeronautical engi
neer may have helped Dennis Con
nor's l 2-meter yacht Stars & Stripes to 
sail past Kookaburra III in the Ameri
ca's Cup races off Australia. The work 
done by Cornelis P. van Dam of the 
University of California at Davis also 
challenges long-held notions about the 
design of aircraft wings; it could even 
spawn aircraft whose wings curve like 
a crescent moon. 

Van Dam was inspired three years 
ago while doing graduate research at 
the National Aeronautics and Space 
Administration's' Langley Research 
Center. There workers explore nature 
for innovative designs-asking, for ex
ample, whether the notch in a shark's 
tail fin or the splayed feathers of a vul
ture's wing tip confer some hydrody
namic or aerodynamic advantage. Van 
Dam began to wonder why the wings 
of many birds and the tail fins of many 
fishes curve backward. 

Classical aerodynamics theory, as 
promulgated by the German physicists 
Ludwig Prandtl and M. M. Munk in 
the 1920's, presents a very different 
picture of the ideal wing: one that gen-

BLUE - FIN TUNA 

COL LARED SWIFT 

erates the most lift (or forward thrust, 
in the case of a fish's tail fin) for a giv
en amount of drag. The classical wing 
is roughly elliptical and juts straight 
out from the fuselage, at least at 
speeds well below Mach 1. (As a jet 
aircraft nears the speed of sound a 
shock wave forms on its wings, greatly 
increasing drag; it is to red uce this drag 
at high speeds that the wings of most 
jet aircraft are swept back.) 

Van Dam decided he would analyze 
the comparative lifting efficiency of 
curved-back wings with an advanced 
computer model developed in 1982 by 
a NASA investigator. The technique di
vides a wing into panels, calculates the 
pressure on each panel and then the 
complex interaction between the local
ized pressures. The results were clear: 
a wing shaped like a half-moon or a 
whale's tail, with a curved front edge 
and a straight rear edge, can outper
form the "ideal" wing; a crescent
shaped wing, whose front and rear 
edges both curve backward like a 
swift's, can work better still. 

Van Dam believes the improvement 
is related to the way vortexes form as 
low-pressure air from above the wing 
and high-pressure air from below it 
swirl together behind the trailing edge. 
Classical theory holds that these vor
texes flow back from the wing in a hor
izontal sheet, but van Dam's calcula
tions suggest that the vortexes swirl 
vertically as well as horizontally, par
ticularly at the tip of the wing. A wing 
that is crescent-shaped or one that 
has swept-back tips, he maintains, en
hances the vertical swirling; the wing 
can also function like a sail, converting 
some of the vortexes' energy, which 

BLUE WHALE 

normally tends to induce drag, into 
forward thrust. 

A team designing Stars & Stripes 
learned of van Dam's work two years 
ago, according to Charles W. Boppe 
of the Grumman Aerospace Corpora
tion, a member of the group. Boppe 
and his colleagues were looking for 
ways to improve on the revolutionary 
winged keel that had helped Australia 
II win the previous America's Cup 
races off Newport in 1983; Australia 
II's wings gave it more lift and thus 
a greater ability to tack upwind than 
Connor's boat, Liberty. After some 
reworking of van Dam's theory, the 
Stars '& Stripes team designed wings 
with straight, swept-back front edges 
and with rear edges that curve back 
sharply at the tip. Although the effect 
of the wings on the boat's overall per
formance is small, Boppe says, "you're 
still talking about a factor that can win 
the race. " 

Wing shapes based on van Dam's 
work have been tested in wind tun
nels at NASA ' S Langley center. "They 
work," according to Bruce J. Holmes, 
who supervised van Dam's research at 
Langley. Holmes notes that whereas 
the nature of the materials of which 
natural or artificial wings are built 
necessarily imposes constraints on 
their design, the advent of strong new 
lightweight materials such as carbon
epoxy compounds has reduced the 
constraints considerably. The Boeing 
Company, Lear Siegler, Inc., and Burt 
Rutan-designer of Voyager, the first 
plane to fly nonstop around the world 
without refueling-are now investigat
ing the potential of wings whose tips 
curve back. 

"STARS & STRIPES" 

SWEPT-BACK WINGS AND FINS provide greater lift or thrust 

than those that jut straight out. A wing shaped like a whale's tail, 
with a curved forward edge, confers some advantage; a doubly 

curved wing shaped like a swift's or the tail fin of a tuna is better 
still. On the basis of this finding, engineers redesigned the wings 

on the keel (seen here from below) of the yacht Stars & Stripes_ 
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Antiviral Therapy 
How can one kill a virus and not the host cell in which it is 
physically and functionally incorporated? New antiviral drugs 
exploit the subtle molecular contrasts between virus and host 

by Martin S. Hirsch and Joan C. Kaplan 

-In 194 1 the introd uction of penicillin 
transformed medicine, giving phy
sicians a powerful, versatile weap

on against infectious bacteria. More 
than 40 years later there is no compa
rable panacea for viral infections. The 
reason, paradoxically, is related to the 
simplicity of viruses. A drug that kills 
a pathogen without poisoning the pa
tient must be able to distinguish the in
vader from the patient's own cells. Be
cause bacteria are relatively complex 
organisms, they have many metabol
ic differences from mammalian cells 
and can reproduce outside the cells of 
their host. They are functionally and 
physically distinct, which simplifies 
the problem of finding substances that 
attack them specifically. 

The simplicity of viruses, in con
trast, makes them able to replicate 
only by physically invading a cell and 
coopting its biochemical mechanisms 
to make new viral proteins and genet
ic material. Because their replication 
cycle is intimately connected with the 
functions of the host cell, they present 
fewer unique biochemical features for 
selective attack. Indeed, until the be
ginning of the 1960's the problem of 
distinguishing viral functions from 
cellular ones in order to attack only 
the former was thought to be insur
mountable. Instead the main strate
gy for controlling viral infections was 
(and to a large extent it still is) the de
velopment of vaccines, which do not 
attack a virus directly but forestall in
fection by stimulating the immune sys
tem in advance. 

Over the past two decades, howev
er, accumulating knowledge of viral 
replication has made it possible to de
fine events that are unique to viruses 
and to identify compounds that might 
interfere with those events. Tests in the 
laboratory followed by carefully de
signed clinical trials have confirmed 
the promise of a few such compounds. 
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The new antiviral drugs have already 
transformed the treatment of sever
al diseases. Less than a decade ago a 
newborn child with widespread her
pes-simplex infection or an adult with 
herpes encephalitis (infection of the 
brain) had only a 20 to 30 percent 
chance of surviving; today early and 
aggressive drug treatment of either 
disease can more than double the 
odds. Laboratory workers and clini
cians are now bringing the lessons of 
the past 20 years to bear on a new chal
lenge: devising therapies for AIDS (ac
quired immune deficiency syndrome), 
a deadly viral disease first recognized 
in 198 1. 

Modes of Infection 

Attempts to treat viral infections 
must take into account the variety of 
ways in which viruses interact with 
host cells. Any virus infecting a cell 
binds to the surface membrane, enters 
the cell and sheds its protein coat. The 
genetic material, which may be a sin
gle- or double-strand molecule of ei
ther DNA or RNA, carries genes spec
ifying the few enzymes and structural 
proteins the virus needs in order to in
teract with the cell and reproduce it
self. The host's biochemical machin
ery expresses the genes during later 
steps in the viral replication cycle. 

Those later steps determine the type 
of infection that ensues. In a lytic in
fection, which is characteristic of 
many DNA and RNA viruses, includ
ing those that cause the common cold 
and polio, the virus replicates by in-

ducing the cell to copy the viral genetic 
material and make viral proteins. A 
multitude of new virus particles take 
shape, and the infected cell is lysed: it 
bursts, releasing the particles. Lytic in
fections often spread rapidly through
out the population of vulnerable cells, 
destroying them early in the illness. 
Effective treatment of most lytic in
fections must therefore start early and 
requires both prompt diagnosis and an 
effective drug. 

Viral replication in another kind of 
infection, a persistent infection, does 
not always kill an infected cell. In a 
persistent infection new particles are 
often released gradually; the cell sur
vives intact and continues to divide, al
though its function may undergo sub
tle changes. Persistence can take an
other form, in which a few cells host a 
lytic infection while others are not af
fected. In either case the infection may 
continue for months or years without 
causing overt disease. Hepatitis B vi
rus, for example, can establish infec
tions that persist indefinitely, only 
sometimes culminating in liver dis
ease, such as cancer or vasculitis. Hu
man leukemia viruses and human im
munodeficiency virus (HIV), the cause 
of AIDS, may also produce symptoms 
only after a lengthy persistent infec
tion. (HIV is now the accepted name 
for the virus originally called HTL V
III or LAV.) 

In both lytic and persistent infec
tions the virus completes its replica
tion cycle, in the process carrying out a 
number of unique steps that an antivi
ral drug might interrupt. A third kind 

UNINHIBITED VIRAL REPLICATION has damaged human cells in a culture infected 

with human immunodeficiency virus (HIV), the cause of AIDS. Components of the viral 

envelope, synthesized as the virus multiplied, have altered the surface membrane of these 
T cells, HIV's preferred host, causing them to clump into multinucleated structures 

known as syncytia. In laboratory tests of antiviral drugs for AIDS one measure of a sub
stance's efficacy is its ability to prevent syncytia from developing in an infected culture. 
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of infection, latent infection, offers no 
such opportunities. A latent virus does 
not reproduce itself, and the accom
panying biochemical activities are 
absent. Indeed, such an infection can 
be difficult to detect, since it is not 
marked by the death of infected cells 
or the production of new virus parti
cles. The genetic material of the virus 
can become integrated into the cell's 
chromosomes, and during cell division 
the genes of the virus are reproduced 
together with the cell's own genes and 
transmitted to the daughter cells. Un
der certain conditions latent viruses 
can be reactivated in a few infected 
cells, and an active infection develops. 

Latency alternating with periods of 
active viral replication characterizes 
many herpesviruses: herpes simplex 
(the cause of a range of infections in
cluding cold sores and genital herpes), 
varicella zoster (the cause of chick
enpox and shingles), cytomegalovirus 
and Epstein-Barr virus. The antiviral 
drugs that have been developed so far 
can affect such viruses only when they 
are replicating. Attacking a latent vi
rus would entail distinguishing its ge
netic material from the surrounding 
host genetic material and selectively 
destroying it. That feat awaits future 
conceptual breakthroughs. 

Developing a Drug 

A knowledge of a virus's replication 
cycle and its interaction with host cells 
may suggest virus-specific functions 
that would be vulnerable to attack. 
The route from that conceptual first 
step to an effective antiviral drug is 
a long and costly one. Finding a sub
stance that inhibits a viral function can 
entail laboratory screening of hun
dreds of compounds. Early signs of 
antiviral activity spur further in vitro 
testing of the candidate compound to 
gauge its effectiveness more precisely 
and determine its toxicity. 

The compound is tested against a 
variety of virus-infected cells, includ
ing cells of human origin. The concen
trations of both the drug and the vi
rus are varied. Measurements of virus 
production, assays of viral proteins 
and observations of cell damage (such 
as lysis) caused by viral replication 
serve to indicate the drug's efficacy. 
At the same time the host cells are 
watched for signs of drug toxicity. The 
virus preparations against which the 
compound is tested should include iso
lates from infected patients as well 
as laboratory strains, which in many 
cases have been cultured continuously 
for years and may have accumulated 
genetic changes that could skew their 
response to the drug. 
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If the compound's initial promise is 
confirmed in the test tube, the pharma
cokinetics of the drug-how the body 
transports, metabolizes and excretes 
the compound-must be explored, first 
by giving it to experimental animals. 
The ability of certain viruses, includ
ing HIV, to attack the brain and spinal 
cord and form a reservoir of potential
ly infectious virus there has a bearing 
on some animal studies. The special 
character of brain capillaries creates 
a blood-brain barrier, which prevents 
many compounds from entering the 
central nervous system. Animal stud
ies offer a chance to observe a drug's 
ability to cross the blood-brain barri
er. They also give additional informa
tion on drug toxicity. Often, however, 
tests in animals cannot demonstrate a 
drug's effectiveness; many human vi
ruses either fail to infect other species 
or cause no signs of disease if they do. 

The animal studies are followed by 
preliminary testing in small groups of 
patients. These phase-I clinical trials 
yield further information on the phar
macokinetics of the candidate drug 
and its safety. In particular they serve 
to indicate the maximum tolerated 
dose of the drug. 

Large-scale clinical trials are the fi
nal test of any drug's safety and effica
cy. Such trials must be carried out in 
a carefully chosen population of pa
tients. It is often important, for exam
ple, that participating patients repre
sent a similar stage of disease. Since 
viral replication can reach its peak 
soon after clinical illness develops, a 
candidate drug often must be tested 
in patients whose infection was diag
nosed recently. 

The variable natural history of most 
viral infections renders anecdotal case 
reports of response to a drug almost 
meaningless. Hence the trials must be 

VIRUSES AND HOST CELLS can inter
act differently, depending on the type of 
virus and cell. A lytic infection (a) results 

in the death of the infected cell. After the 
infecting virus sheds its protein coat, its 
genetic material subverts the cell's bio

chemical machinery to make new proteins 
and genetic material, which are then as

sembled into a multitude of new virus par

ticles. The host cell dies as the particles 
are released. In a persistent infection (b) 
viral replication proceeds but the cell may 

survive and continue to multiply, all the 
while releasing virus. In a latent infection 

(c) viral replication is suspended. The viral 
genome may become integrated into the 

cell's own chromosomes, and it is copied 
and transmitted to daughter cells in the 
course of cell division. Under some circum
stances a virus that is latent can become 
reactivated in a few of the infected cells. 

rigorously objective and carefully con
trolled. If there is no established treat
ment for the infection, a placebo usu
ally provides the point of comparison. 
The test population is divided, usually 
at random, into two or more groups, of 
which at least one is given the drug 
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while another, the control group, re
ceives a placebo. The method is usual
ly double-blind, so that neither the pa
tients nor the investigators know who 
gets the drug. Such trials are burden
some and expensive, but over the past 
decade they have firmly established 
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the efficacy of the current generation 
of antiviral drugs. 

A Model Drug 

One notable success of rational and 
satisfactory drug development is the 

c 

recently licensed compound acyclovir. 
Acyclovir is a highly specific inhibitor 
of replication by certain herpesviruses. 
It has largely replaced earlier gener
ations of antiherpes drugs, which are 
neither as effective nor as specific. 

That acyclovir might inhibit a viral 
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function, namely the synthesis of new 
DNA in the course of viral replication, 
was first suggested by the structure of 
the molecule. The drug is a nucleoside 
analogue: its structure mimics the 
structure of a nucleoside, a precursor 
of DNA or RNA. A nucleoside con
sists of one of four kinds of bases-sin
gle- or double-ring chemical groups 
known respectively as pyrimidines and 
purines-linked to a five-carbon sugar. 
A nucleoside analogue likewise con
sists of a base, or a derivative of a base, 
and a sugar or sugarlike group. 

In the normal course of DNA syn
thesis free nucleoside triphosphates 
(nucleosides carrying three phosphate 
groups) react with the end of a grow
ing DNA chain. During the reaction, 
which is mediated by an enzyme 
known as DNA polymerase, a hydrox
yl (OH) group at the 3' position on 
the sugar ring at the chain end forms 
a bond with the phosphate group at 
the 5' position on the incoming nucleo
side triphosphate. The other two phos
phates are freed, and a nucleotide
a nucleoside carrying a single phos
phate-is added to the DNA chain. 

As an understanding of DNA syn
thesis evolved during the 1950's, it be
came apparent that a chemically al
tered nucleoside (that is, a nucleoside 
analogue) might interfere with the 
process. Nucleoside analogues were 
first synthesized as potential antican-
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cer drugs; it was thought they might 
slow or block the accelerated DNA 
production taking place in rapidly di
viding cancer cells. By the 1960's some 
viruses were known to initiate rapid 
DNA synthesis in infected cells, and 
many nucleoside analogues were test
ed for antiviral activity. Acyclovir, 
which is an analogue of the nucleoside 
guanosine, was among the compounds 
that showed early promise. 

Acyclovir was soon found to have 
a remarkably specific antiviral effect. 
DNA synthesis by certain herpesvirus
es was found to be exquisitely sensitive 
to acyclovir, whereas the drug had lit
tle effect on DNA synthesis in normal 
cells. Some 10 years of work by Ger
trude B. Elion and her colleagues at 
the Wellcome Research Laboratories 
in North Carolina revealed the mech
anisms underlying the drug's specific 
antiviral action. 

In order to interfere with the synthe
sis of viral DNA, the workers found, 
an acyclovir molecule must gain three 
phosphate groups, just as a nucleoside 
must be triply phosphorylated before 
it can take part in cellular DNA syn
thesis. Each phosphorylation is medi
ated by an enzyme known as a kinase. 

The role of a kinase in the cell is to 
transfer phosphate groups from one 
molecule to another. Cellular kinases 
mediate the formation of acyclovir 
diphosphate and triphosphate, but the 
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UNTREATED VIDARABINE 
(1977) 

ACYCLOVIR 
(1985) 

RATE OF SURVIVAL in patients with herpes-simplex encephalitis, a viral infection of 

the brain, has risen dramatically with the advent of effective and specific drugs for her

pesvirus infections. In 1977 treatment with vidarabine was shown to increase survival as 

a result of the compound's ability to interfere with viral DNA synthesis and hence with 
replication. In 1985 acyclovir was found to have even greater efficacy: features of herpes

simplex replication make the virus singularly vulnerable to acyclovir and related drugs. 
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initial step, the conversion of acyclo
vir into acyclovir monophosphate, de
pends largely on a kinase specified by 
a herpesvirus gene. Called thymidine 
kinase, the enzyme is found only in in
fected cells. In un infected cells a cel
lular enzyme phosphorylates acyclo
vir to a very limited extent, but the 
amount of acyclovir triphosphate that 
results is orders of magnitude small
er than the amount formed in infected 
cells. Hence the drug is functional pri
marily in infected cells. 

In attacking DNA synthesis, more
over, acyclovir also singles out the 
DNA of the virus. Because the com
pound resembles a true nucleoside, a 
DNA polymerase can bind to activat
ed (triply phosphorylated) acyclovir 
and add an acyclovir monophosphate 
unit to a growing DNA chain; two 
phosphates are released in the process. 
For reasons that are still not clear, the 
DNA polymerase of herpesviruses has 
a much higher affinity for the drug 
than the cellular polymerase; hence 
acyclovir monophosphate molecules 
are added to viral DNA in preference 
to cellular DNA. As the drug is add
ed it forms a bond with a 3' hydroxyl 
group at the end of the chain, just as 
a conventional nucleotide would. Un
like a true nucleotide, however, acy
clovir monophosphate itself lacks a 
3' hydroxyl group. It offers no attach
ment point for the next link. Once acy
clovir monophosphate has been incor
porated the growth of the DNA chain 
is terminated. 

Furthermore, whereas a DNA po
lymerase ordinarily binds only tempo
rarily to the growing DNA chain, so 
that each molecule of enzyme can cat
alyze chain growth indefinitely, acy
clovir monophosphate makes the as
sociation permanent. The viral poly
merase is irreversibly bound to the 
fraudulent nucleotide it has just added 
to the DNA. Both the growth of the vi
ral DN A chain and the utility of the vi
ral polymerase are ended. The special 
affinity of acyclovir for viral enzymes 
thus leads to potent antiviral action 
with minimum toxicity to the host cell. 

The Uses of Acyclovir 

Acyclovir finds its largest applica
tion in the treatment of genital herpes
simplex infections, which are believed 
to affect more than 20 million people 
in this country alone. The initial at
tack, that is, the first episode of lytic 
infection, is usually the severest and 
the most prolonged and so is the most 
appropriate target for drug therapy. 
Treatment with acyclovir (which can 
be given intravenously, as an ointment 
or by mouth) relieves symptoms, re-
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duces the amount of infectious virus 
released from the sores and speeds 
healing. The treatment does not pre
vent subsequent attacks or diminish 
their frequency or severity. Prophylac
tic courses of oral acyclovir can have a 
modest impact on recurrent infections, 
but the cost of the drug and its poten
tial toxicity over the long term do not 
justify such regimens in most cases. 

The drug has also proved to be bene
ficial in the infections (chickenpox and 
shingles) caused by varicella-zoster vi
rus. In patients whose immune system 
has been suppressed for organ trans
plantation or impaired by disease, acy
clovir can sometimes serve as a pro
phylactic, preventing the herpes-sim
plex and varicella-zoster infections to 
which immunocompromised patients 
are susceptible. The drug can also pre
vent the reactivation of a latent herpes 
infection in such patients. Acyclovir is 
responsible, finally, for the dramatic 
drop in the death rate from herpes
simplex encephalitis that was seen 
over the past decade. 

Acyclovir may eventually encoun
ter the same clinical problem that has 
hampered antibacterial drugs for a 
number of years: the advent of drug
resistant pathogens. Drug-resistant 
herpesvirus mutants can be generated 
in the laboratory by growing the virus 
in the presence of acyclovir. Resistant 
strains have also been isolated from 
patients. Acyclovir resistance can have 
several genetic origins. One is a muta
tion inactivating the viral thymidine
kinase gene. Alternatively, the virus 
may carry a mutation resulting in an 
altered thymidine kinase, one that has 
a reduced affinity for acyclovir. In ei
ther case acyclovir is not phosphoryl
ated in infected cells and so remains 
inactive. In animal models thymidine
kinase mutants seem to be less patho
genic than nonmutant strains and also 
less able to establish a latent infection. 

Resistance can also arise from a mu
tational change in the viral DNA po
lymerase that makes it less able to in
teract with acyclovir triphosphate. 
Laboratory studies suggest that, in 
contrast to thymidine-kinase mutants, 
such resistant strains may be just as 
pathogenic as drug-sensitive virus is. 
This finding suggests that prolonged 
administration of acyclovir as a pro
phylactic or its prescription for trivial 
infections might favor the appearance 
of virus strains that are both drug-re
sistant and pathogenic. 

For acyclovir-resistant mutants and 
for herpesviruses such as cytomega
lovirus and Epstein-Barr virus, which 
are not known to carry the gene for 
thymidine kinase and hence are rel
atively insensitive to acyclovir, there 
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NUCLEOSIDE ANALOGUES are a class of synthetic compounds that owe their name 
and antiviral effects to a resemblance to nucleosides, chemical precursors of DNA and 
RNA. The illustration shows a variety of nucleoside analogues that are now prescribed for 
viral infections or are undergoing clinical trials. The analogues are shown with the corre
sponding nucleosides (color). A nucleoside is made up of a single- or double-ring base 

linked to a five-carbon sugar; an analogue differs from the nucleoside in large or small 
features of the base or sugar. An enzyme that normally acts on a nucleoside in the course 

of viral replication can also bind to the analogue. Because of the differences between the 
nucleoside and the analogue, however, binding to the analogue can incapacitate the en

zyme, thereby disrupting a molecular process crucial to replication. Certain nucleoside 

analogues have additional features that add to their antiviral specificity and effectiveness. 
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EFFECT OF ACYCLOVIR in a herpesvirus infection is to inhibit the synthesis of viral 
DNA. First acyclovir must gain three phosphate groups (P). The drug relies on thymidine 
kinase, an enzyme specified by some herpesviruses, to add the first phosphate (top); cellu
lar kinases add the next two. Viral DNA polymerase, the enzyme that catalyzes the syn
thesis of viral DNA, then binds to the drug as if it were an ordinary nucleoside triphos
phate (a building block of DNA) and adds it to a growing DNA chain (middle). One of 
the phosphates on the acyclovir triphosphate molecule forms a bond with the 3' hydroxyl 
(OH) group on the sugar at the end of the DNA chain; the other two phosphates are 

freed. Unlike an ordinary nucleoside (bottom), acyclovir itself lacks a sugar ring and a 3' 
hydroxyl group. Hence it cannot support further chain growth. Moreover, the viral DNA 
polymerase, which would normally go on to catalyze further additions to the chain, re
mains permanently bound in a complex with the DNA and the drug and is incapacitated. 
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are alternative strategies. A newly syn
thesized nucleoside analogue, DHPG 
(dihydroxy-propoxymethyl guanine), 
shows considerable activity against 
these herpesviruses both in the test 
tube and in patients, although the 
drug's precise mode of action is not 
known. Vidarabine, a compound that 
was the mainstay of treatment for life
threatening herpesvirus infections be
fore the advent of acyclovir, can also 
function in the absence of thymidine 
kinase. Like acyclovir, vidarabine is a 
nucleoside analogue that is activated 
in the cell by triple phosphorylation 
and then interferes with the synthesis 
of viral DNA. 

Other Antiviral Successes 

Respiratory viral infections remain 
a major cause of illness, but drug de
velopment has led to advances in treat
ing influenza and diseases caused by 
respiratory syncytial virus: pneumonia 
and bronchiolitis in infants and young 
children. Two compounds responsible 
for progress against influenza, known 
as amantadine and rimantadine, pre
date the recent conceptual advances in 
antiviral therapy. Their effectiveness 
against influenza A was discovered in 
the early 1960's through laboratory 
screening of a large number of com
pounds. Even now their precise mode 
of action is not clear. Some workers 
have proposed that the drugs may pre
vent the influenza A virus from shed
ding its coat as it infects a cell or may 
interfere with early stages in the tran
scription of the viral genetic material 
into messenger RNA (mRNA), which 
then serves as a template for protein 
synthesis. Only amantadine is licensed 
in this country; it is most often given as 
a prophylactic against infection during 
an influenza outbreak. 

The more recent effort to block spe
cific steps in viral replication by means 
of nucleoside analogues has yielded 
a drug effective against respiratory 
syncytial virus. The compound is ri
bavirin, a guanosine analogue that acts 
against a broad range of viruses in vi
tro and has also shown effects in clini
cal trials against Lassa fever, a viral 
disease that is endemic in Africa. 

Ribavirin's efficacy is thought to re
flect at least two biochemical activ
ities. Phosphorylated ribavirin inter
feres with an enzyme that is crucial 
to the synthesis of the guanosine pre
cursors of DNA and RNA. The drug's 
resemblance to guanosine also enables 
it to inhibit the "capping" of viral 
mRNA, in which a modified guano
sine molecule is added to the end of 
newly transcribed mRNA. The cap 
seems to enable mRNA to bind to ri-
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bosomes, the structures in the cell on 
which proteins are made. The capping 
process is universal, but ribavirin is 
selective in its inhibitory effect. It in
hibits the capping of viral mRNA
and hence the production of viral pro
teins-far more than it affects the cor
responding functions of human cells. 

Even so, ribavirin may be toxic to 
blood cells and can lead to anemia 
when it is given by mouth. Recent tri
als have shown, however, that riba
virin can act against respiratory syn
cytial virus when it is administered 
as an inhaled aerosol, a tactic that car
ries the drug directly to the infected 
tissues but minimizes its absorption 
and therefore its toxic effects. 

Interferons 

Antiviral therapy has progressed not 
only by searching for drugs that inhibit 
viral replication but also by appropri
ating one of the body's own defenses: 
a class of proteins known as interfer
ons. The name was coined in the late 
1950's, when it was found that cells ex
posed to a virus secrete proteins that 
enable other cells to resist infection. 
Advances in molecular biology have 
helped to bring interferons into clini
cal use, just as they have figured in de
veloping synthetic antiviral drugs. 

Interferons were purified in the late 
1970's, making it possible to study 
their activities in detail. Cells produce 
interferons not only when they are ex
posed to virus directly but also when 
they encounter double-strand RNA (a 
form of genetic material found in 
many viruses) or certain compounds 
that stimulate the immune response. 
The secreted interferon molecules 
bind to surface receptors on other 
cells, inducing the target cells to syn
thesize several new proteins. 

One protein initiates a series of bio
chemical steps that leads to the activa
tion of a previously dormant enzyme, 
which then breaks down the mRNA of 
virus replicating within the target cell. 
A second protein is a kinase that inac
tivates the cell's machinery for protein 
synthesis. Through one or both mech
anisms (they vary depending on the 
kind of cell and the virus infecting it) 
the virus is prevented from expressing 
its genes as proteins. In certain infec
tions interferons also have other ef
fects that have not yet been explained 
at a molecular level. Electron micro
graphs show a buildup of defective 
virus in some interferon-stimulated 
cells, which suggests that interferons 
can inhibit the assembly and release of 
new virus particles. 

The therapeutic promise of interfer
ons could not be tested until large 

quantities became available. Several 
years after the proteins were first pu
rified the techniques of recombinant 
DNA enabled workers to clone human 
interferon genes and insert them into 
bacteria and yeast cells. The geneti
cally modified bacteria or yeast cells 
were then capable of producing hu
man interferons in virtually limitless 
quantities [see "The Purification and 
Manufacture of Human Interferons," 
by Sidney Pestka; SCIENTIFIC AMERI
CAN, August, 1983). 

The ensuing clinical studies suggest
ed that interferons can serve in pre
venting or treating certain herpesvirus 

infections and perhaps also in treating 
some warts, caused by papilloma vi
rus. In patients with chronic hepatitis 
B and viral respiratory infections the 
utility of interferons remains unclear. 
Because of the inconclusive results of 
many clinical trials and the variety 
of toxic side effects they have shown, 
interferons remain in something of a 
clinical limbo, their value as antiviral 
agents still uncertain. 

The Current Challenge: AIDS 

For all of the progress that has been 
made in developing antiviral drugs 
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INTERFERONS bind to receptor molecules on the surface membrane of an infected cell 
(left) and may then exert their antiviral effect at several junctures in the viral replication 
cycle. One is the transcription of the viral DNA: the process by which viral genetic infor· 
mation is copied into messenger RNA (mRNA) . Interferons can initiate biochemical 
events that activate an endonuclease, an enzyme "that breaks down the viral mRNA. An

other possible target of interferons is translation: the production of proteins from the 
mRNA template, which occurs on organelles known as ribosomes. Interferons can stimu
late the cell to make a protein kinase that inactivates a factor taking part in translation. 

A third target may be the final step in viral replication: the assembly of new virus parti· 
c1es from viral proteins and replicated genetic material and the release of the particles. 
The mechanism by which interferons may block virus assembly and release is not known. 
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and delivering them to the site of in
fection with a minimum of toxic side 
effects, antiviral therapy is still in its 
infancy. Some viral diseases, such as 
rabies and brain infections caused by 
the arboviruses, have so far proved un
treatable. Progress against other infec-

tions, such as the common cold and 
viral diarrheas, has been meager. The 
greatest challenge that antiviral thera
py faces as it develops into a mature 
science is the urgent need for a treat
ment that will have lasting effective
ness against AIDS. 
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MOLECULAR TARGETS for existing and hypothetical AIDS drugs punctuate the repli

cation cycle of HIV, the causative virus. The virus infects its host cell by binding to 
specific cell-surface molecules; an effective antiviral drug might work by blocking attach
ment. Within the cell the virus sheds its protein coat and converts its genetic material, 

RNA, into DNA in a process known as reverse transcription-the target of drugs now in 
use or under study. The DNA then enters the cell nucleus and adopts a circular form, and 
some of it is incorporated into the cell's chromosomes. The integrated DNA is later tran

scribed into mRNA, which is translated into viral proteins. Genes known as tat and trs/ 
art specify proteins that stimulate transcription and translation and might serve as tar

gets for future drugs. An existing drug that interferes with transcription and later proc

essing of mRNA is ribavirin. Interferons too can inhibit transcription, and perhaps also 
translation and the last event in the cycle: assembly and release of new HIV particles. 

84 

AIDS was recognized just six years 
ago; its causative virus, HIV, was not 
identified until 1983 [see "The AIDS 
Virus," by Robert C. Gallo; SCIENTIFIC 
AMERICAN, January]. The disease has 
spread at a frightening pace, and more 
than 30,000 patients have now been di
agnosed in the U. S. alone. The number 
of people in this country who are in
fected but have not yet developed 
symptoms is much larger, probably 
more than a million. Several features 
of AIDS militate against therapy. The 
virus's main target is the T4 lympho
cyte, a white blood cell that marshals 
the immune defenses. The depletion of 
T4 cells in AIDS causes a severe depres
sion of the immune response, and so 
an AIDS drug may have to fight the 
virus without much help from host 
immunity. Furthermore, the virus also 
infects cells in the central nervous sys
tem, where it is shielded from many 
drugs that might otherwise be effec
tive by the blood-brain barrier. 

Yet the crucial basis for an antiviral 
strategy in AIDS, an understanding of 
the viral replication cycle, is now de
veloping. In infecting its host cells HIV 
binds to specific cell-surface receptor 
molecules. It penetrates the cell cyto
plasm and sheds its protein coat, bar
ing its genetic material: a single strand 
of RNA. A viral enzyme known as 
reverse transcriptase accompanies the 
RN A. In a step characteristic of retro
viruses, the class of viruses to which 
HIV belongs, the enzyme "reverse
transcribes" the RNA into DNA. Ulti
mately some DNA copies of the HIV 
genome become integrated into the 
chromosomes of the host cell. 

The integrated viral genome, known 
as a provirus, may remain latent until 
the host cell is stimulated, possibly by 
another infection. The proviral DNA 
is then transcribed into mRNA, which 
directs the synthesis of viral proteins. 
The provirus also gives rise to other 
RNA copies that will serve as the ge
netic material of viral progeny. The 
proteins and the genomic RNA con
gregate at the cell membrane and as
semble to form new HIV particles, 
which then bud from the cell. Two 
HIV genes, designated tat and trs! art, 
seem to orchestrate this burst of rep
lication, which destroys the cell. They 
code for small proteins that boost the 
transcription of proviral DNA and the 
synthesis of viral proteins. 

The most tempting drug target in the 
HIV replication cycle is reverse tran
scription, a step that is both crucial to 
viral replication and irrelevant to host 
cells. Several drugs have already been 
shown to reduce the activity of reverse 
transcriptase in vitro. HIV replication 
is demonstrably slower in the presence 
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of those compounds, which include 
suramin (an antiparasitic agent), anti
moniotungstate (also called HPA-23), 
phosphonoformate and a new class of 
nucleoside analogues called dideoxy
nucleotides. All are now undergoing 
clinical trials in patients with AIDS or 
related disorders. 

Another inhibitor of reverse tran
scription, azidothymidine (AZT), has 
already proved its clinical efficacy. 
Like acyclovir, AZT is a nucleoside 
analogue-it is modeled on the nucleo
side thymidine-that originated in the 
anticancer efforts of the 1960's. AZT 
interferes with the synthesis of new 
DNA during reverse transcription by 
terminating the growth of the DNA 
chain. Triple phosphorylation by cel
lular kinases activates the compound, 
which then binds to reverse transcrip
tase (for which it has an affinity 100 
times greater than its affinity for cel
lular DNA polymerases) and is incor
porated into the DNA chain. At the 
sugar ring's 3' position AZT has an azi
do (N3) group instead of a hydroxyl 
group. Incoming nucleotides find no 
attachment point, and so reverse tran
scription comes to a halt. 

AZT's antiviral effects in vitro are 
selective as well as potent: the concen
tration at which it inhibits viral repli
cation is well below the level at which, 
for example, it begins to impair the im
mune functions of T cells. In the light 
of encouraging laboratory results a 
group led by Samuel Broder at the Na
tional Cancer Institute carried out pre
liminary trials of AZT in 1985-86. The 
workers studied the compound's phar
macokinetics and safety in a small 
group of patients with AIDS or the clus
ter of symptoms known as AIDs-relat
ed complex (ARC). Large-scale place
bo-controlled trials, meant to continue 
for six months, then began in 282 pa
tients with AIDS or ARC. 

By the 16th week of the study an in
dependent review board saw striking 
differences in death rate between the 
patients getting a placebo and those re
ceiving the drug; the drug recipients 
had also suffered fewer infections, had 
gained weight and had shown an im
provement in immune function. As a 
result the trials were called to a halt 
and all the placebo recipients were giv
en AZT. More must be learned about 
the drug, however, before it can be 
prescribed on a broad scale. It is not 
clear how long-lasting its effects will 
prove to be, or whether the drug will 
be as effective in patients at earlier 
stages of infection. The prospect of 
long-term use has also heightened con
cerns about AZT's considerable toxic
ity to bone-marrow cells, the precur
sors of blood cells. 

Steps in the HIV replication cycle 
other than reverse transcription may 
also be fruitful targets for antiviral at
tack. Human interferon alpha, which 
like other interferons can inhibit the 
production of viral mRNA, the syn
thesis of viral proteins or the assem
bly and release of new particles, slows 
HIV replication in vitro and is now 
undergoing clinical trials. Ribavirin, 
which affects protein synthesis as well 
as other events in the viral replication 
cycle, has also been tested in patients, 
and there are preliminary indications 
that it may delay or prevent the devel
opment of AIDS in people who are in
fected but do not show symptoms. 

One can also conceive of antiviral 
agents that would interfere with the 
initial step in infection-the attach
ment of an HIV particle to specif
ic cell-surface receptor molecules-or 
would attack the protein products of 
the tat and trs/ art genes, thereby inter
fering with the expression of other 
HIV genes. Such agents (for the mo
ment largely hypothetical) might be 
exquisitely specific and hence less tox
ic than the antiviral drugs now being 
developed for AIDS. 

Future Antiviral Strategies 

The rapid emergence of promis
ing treatments for AIDS is testimony to 
the new molecular understanding of 
viral replication and to two decades of 
clinical experience with other antivi
ral drugs. How will antiviral therapy 
advance in the years to come? Bet
ter ways to use existing drugs will un
doubtedly account for much progress. 
Assay systems for earlier diagnosis of 
viral infections will enable the phys
ician to begin drug treatment before 
extensive cellular damage is done. 
Means of sending drugs to infected tis
sues that are now difficult to reach, 
such as the central nervous system, 
will bring other infections within range 
of treatment. 

In AIDS and in other severe and pro
longed viral illnesses, antiviral ther
apy may come to rely increasingly on 
combinations of drugs, each of which 
would attack a different viral function. 
An antiviral synergy is one possible 
advantage of the strategy. Our group, 
for example, has shown that the com
bination of a reverse-transcriptase in
hibitor such as AZT or phosphono
formate with interferon alpha has a 
synergistic effect on HIV in vitro. 

Such combinations are now being 
tested in patients, where one might 
expect additional benefits. Because 
the dose of each compound is lower, 
toxic side effects are less likely. The 
chance that a resistant strain of virus 

will emerge is also much reduced: the 
virus would have to develop ways to 
cope with several drugs at once. Simi
lar advantages might also be had from 
a regimen in which two or more com
pounds are given in succession rath
er than together. In AIDS, combination 
therapy may come to mean not only 
prescribing an assortment of antiviral 
drugs but also administering drugs to
gether with natural immune-regulat
ing proteins in an effort to restore pa
tients' immune responses. 

Designing a synergistic combination 
of antiviral agents, like identifying a 
promising compound in the first place, 
calls for close attention to the drugs' 
molecular mechanisms. In combina
tion some drugs may in fact have an
tagonistic effects. Markus Vogt in our 
laboratory has shown, for example, 
that ribavirin has an affinity for the 
same cellular enzymes that phospho
rylate AZT to its active form. In vitro 
AZT loses much of its effectiveness 
when it is combined with ribavirin. 
Clinical trials of this combination of 
drugs should therefore be approached 
cautiously and carried out under con
trolled conditions. 

Molecular studies of viral replica
tion cycles and the mechanisms of ex
perimental drugs will surely remain 
the major source of progress. As the 
molecular vulnerabilities of addition
al viruses are identified, currently un
treatable infections will yield to high
ly specific drugs. Molecular studies of 
latent viruses may even give rise to 
drugs selective enough to attack those 
sequences of silent viral DNA, which 
are distinguished only by their foreign 
origin from the host genetic material 
surrounding them. 

A strategy for future drug develop
ment may emerge from the study of vi
ruses by X-ray crystallography, which 
can reveal their structure in atomic de
tail [see "The Structure of Poliovirus," 
by James M. Hogle, Marie Chow and 
David J. Filman; SCIENTIFIC AMERI
CAN, March]. Computer-graphics pro
grams based on such structural knowl
edge could yield models to predict 
how and where a given experimental 
compound would bind to a virus parti
cle; the information might guide the 
chemical modification of the original 
compound or the synthesis of a new 
one to achieve a molecule that would 
fit precisely into a particular niche 
in the virus architecture. The tailor
made drug would bind to a virus with 
high specificity, preventing it from at
taching to its host cell or shedding 
its protein coat. Such a strategy for 
rational drug design would powerful
ly augment current approaches to 
antiviral therapy. 
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ROOFING TILES made of amorphous-silicon solar cells can be 
substituted for conventional roofing tiles, thereby providing a 

SOLAR-POWERED HOUSE has been operating for five years 

in Osaka. The blue panels on the, roof, made of amorphous-silicon 
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means of supplying the building with solar-generated electricity. 
These tiles were made by the Sanyo Electric Co., Ltd., in Japan. 

solar cells, supply the electricity; the overhanging red panels be
low the roof take care of the heating and cooling of the structure. 
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Photovol taic Power 

The technology and economics of converting energy from the sun 

directly into electricity have improved rapidly. Within 15 years 

megawatt power plants based on solar cells could be in service 

I
t is virtually a certainty that the 

worldwide demand for energy will 
increase steadily in the coming 

decades. One could also foresee, al
though with a little less certainty be
cause of technological variables, that 
the suppliers of energy will have to 
contend with shortages of fossil fuel 
and with concerns about the polluting 
effects of those fuels and the possible 
dangers of nuclear energy. Clearly a 
power source based on an inexhaust
ible and nonpolluting fuel could be ex
pected to find a role. It now appears 
that such a source is at hand in the so
lar cell, which converts sunlight into 
electricity. 

The technology is not new; solar 
cells have provided the electricity for 
space vehicles since the advent of the 
space age and are now appearing in 
such consumer items as calculators 
and watches. What is new is that the 
technology is approaching the stage at 
which million-watt power plants can 
be built. This progress stems from im
provements in the efficiency of solar 
cells at converting sunlight into elec
tricity and reductions in the cost of 
making them. As a result the cost of 
photovoltaic power has dropped from 
$50 to less than $5 per peak watt in the 
past decade. With further advances 
it seems probable that large power 
plants based on solar cells will be in 
place by the turn of the century. 

The formal name for the device at 
the root of this power-producing tech
nology is the photovoltaic cell. Up to 
now virtually all such cells have been 
made of crystalline silicon, but other 
materials are both possible and prom
ising. They include semiconductors 
made of such alloys as copper indium 

by Y oshihiro Hamaka wa 

diselenide, cadmium telluride and gal
lium arsenide. 

Whatever the material is, the steps 
whereby the cell converts sunlight into 
electricity are essentially the same. 
The focus of interest is the movement 
of charge carriers in a semiconductor, 
since electricity-an electric current
consists of a flow of these charge carri
ers through a circuit. The process can 
be observed in a solar cell made of 
crystalline silicon. 

The silicon atom normally has 14 
electrons associated with it. Four 

of them are valence electrons, mean
ing that they are available to interact 
with other silicon atoms or with atoms 
of other elements. In a crystal of pure 
silicon each atom is in valence with 
four other atoms: it shares two elec
trons with each of them. One of the 
electrons is its own and the other be
longs to the neighbor. 

This fairly strong electrostatic bond 
between an electron and the two atoms 
it is helping to hold together can be 
broken by an input of energy. With 
an appropriate input the electron is 
lifted to an energy level called the con
duction band, where it can move free
ly and participate in the conduction 
of electricity. In making such a shift 
it leaves behind a "hole," which is 
a place lacking an electron. A near
by electron can be expected to move 
into the hole, exchanging places with 
it. Hence both electrons and holes can 
move within a crystal. 

A solar cell is basically a diode of 
large area. In a diode the passage of 
current, in the form of free charge car
riers such as electrons, is impeded in 
one direction and facilitated in the oth-

er. This result is achieved by the pres
ence of a fixed electric field in the di
ode, resulting from the fact that the di
ode is made with two semiconductors 
of different materials. Such an electric 
field will propel carriers of a given 
charge through it and repel carriers of 
the opposite charge. 

A solar cell takes advantage of this 
phenomenon. The cell is made with 
different semiconductor layers to cre
ate a diodelike field fixed within the 
cell. This built-in electric field is posi
tioned as closely as possible to the re
gion where sunlight is absorbed in the 
device. Sunlight carries energy (about 
1,000 watts per square meter of ex
posed surface). When solar photons 
strike a semiconductor in a solar cell, 
they may be reflected, go through or 
be absorbed. The photons that are ab
sorbed are the ones of potential use. 

A photon that is absorbed in a semi
conductor may produce heat by jos
tling the semiconductor material or it 
may have enough energy to remove an 
electron from a bound state and lift it 
to a free state in the material's conduc
tion band. For example, a photon with 
a wavelength of less than about 1.2 
micrometers has enough energy to 
produce a free electron when it is ab
sorbed in silicon. 

The promotion of an electron to the 
conduction band' creates a hole. The 
hole represents a positive free charge 
that acts analogously but oppositely to 
a negative free charge. If a hole is pres
ent in a silicon semiconductor, it can 
move freely because a nearby bound 
electron can easily jump into the hole's 
position, effectively moving the hole 
to the place vacated by the jumping 
electron. 
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SOLAR CELL based on crystalline silicon consists of several layers_ From the bottom 
up they are a substrate made of glass or plastic; a metallic layer that serves as a contact 
in the external electrical circuit; a p-type silicon semiconductor that tends to collect 
"holes," or positively charged particles; an II-type silicon layer made in a different way to 
collect negatively charged electrons; an antireflection coating, and a top-contact grid. The 
plus and minus symbols represent a hole-electron pair created by the absorption of a 
solar photon, or quantum of light. Near the p-II junction an electric field resulting from 
the different materials in the semiconductors pushes the electrons upward and the holes 
downward. This flow of charge makes an electric current through the external circuit. 
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b PHOTOVOLTAIC EFFECT 
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PHOTOVOLTAIC EFFECT of photons in a crystal of silicon (a) results when an incom
ing photon hits an electron (black dots) bound to an atom of silicon. The electron is 
released and becomes a negative free charge, leaving in its place a positive hole. This 
phenomenon is the photoconductive effect. In quantum-mechanical terms (b) the elec
trons freed by photons of appropriate energy become more energetic and move from the 
valence band, or bound state, to the conduction band. If the photoconductive effect occurs 
near the electric field of a cell, the photogenerated hole-and-electron pair are separated 
and pushed to opposite sides of the cell. There they can be part of an electric current. 
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When light is absorbed in a semicon
ductor, it produces two free carriers: 
the free electron in the conduction 
band and the free hole in the valence 
band. The key process in the solar 
cell's conversion of sunlight into elec
tricity is that these light-generated free 
carriers are then driven in opposite di
rections by the force of the built-in 
electric field. The holes and electrons 
near the field provide an example. 
Suppose the field points in such a way 
(in relation to these light-generated 
carriers) as to facilitate the passage 
of electrons and repel holes. The elec
trons will be accelerated through the 
field and the holes will stay near the 
place where they were generated. Once 
the free electrons have gone through 
the electric field they will not return, 
because the field, acting the way a di
ode field does, will keep them from 
coming back. 

Hence, as light shines on the cell, an 
increasing number of positive charges 
are pushed to the top of the cell and 
negative ones to the bottom, or vice 
versa depending on the type of cell. If 
a conductor is attached to both the 
top and the bottom, the free charges 
will flow through it as electricity. Elec
tricity will flow continuously, as direct 
current, for as long as the cell is ex
posed to light. 

In a typical solar cell a material such 
as glass or plastic serves to support 
the cell and is called the substrate. On 
it a conducting layer such as a metal 
is deposited as a back contact. Next 
the light-absorbing semiconductor is 
deposited. On top of it goes either a 
different or a modified semiconduc
tor. The interface between the two 
semiconductors is the location of the 
critical built-in field. The top semicon
ductor is often transparent in order for 
sunlight to pass through it and be ab
sorbed as close to the electric field as 
possible. This arrangement improves 
the probability that electrons or holes 
generated by light will reach the field 
region and be separated. 

The final component of a typical 
cell is the top contact grid. When the 
top and bottom contacts are connected 
in a circuit, useful electricity will flow 
while the cell is illuminated. 

Several other phenomena are of in
terest in understanding the perfor

mance of a well-designed solar cell. 
Two processes, drift and diffusion, 
influence the effectiveness with which 
light-generated free carriers contrib
ute to the flow of current. Free carriers 
can be generated by light absorbed 
in the cell, either in the narrow field 
region or outside it. Carriers generat-
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SENSITIVE REGION OF PH01DVOLTAIC CELLS 

.7 
WAVELENGTH (MICROMETERS) 

RESPONSE REGION of crystalline-silicon photovoltaic cells be
gins inside the violet part of the visible spectrum (near .35 micro-

meter in wavelength) and goes beyond the visible spectrum into 
the infrared. Solar energy peaks between .5 and .55 micrometer. 

ed within the region, which is typically 
about .5 micrometer wide, are quite ef
fectively separated by the strong field. 
They are propelled at high speed to the 
top and bottom of the cell. This is the 
drift process. 

Diffusion applies to free carriers 
generated outside the field region. It 
refers to their tendency to bounce 
about randomly for a time. Any free 
electron has a certain probability of 
encountering the built-in electric field. 
If it does, it will be propelled to the 
other side of the cell and will be able 
to contribute to the electric current. 
High-performance solar cells are de
signed to maximize this probability. 

The thickness of a solar cell, and to 
a great extent its cost in materials and 
processing, is determined by its abil
ity to absorb the available sunlight. 
Two critical factors, the band gap and 
the absorption coefficient, influence 
the absorption of light. The band gap 
of a semiconductor is the character
istic energy level at which it begins 
to absorb sunlight. Materials such as 
silicon, gallium arsenide and others 
employed in solar cells are chosen be
cause they characteristically begin 
absorbing light at long wavelengths. 
Hence they are able to absorb a large 
fraction of the available sunlight. 

In addition different semiconductor 
materials absorb sunlight best at dif
ferent thicknesses, which can range 
from 100 micrometers to less than one 
micrometer. So-called thin-film solar 
cells are made of materials that absorb 
in the one-micrometer range, allowing 
for great reductions in material and 

fabrication costs. (It takes about 50 
micrometers of crystalline silicon to 
absorb as much sunlight as amorphous 
silicon can absorb in one micrometer 
and copper indium diselenide can ab
sorb in . 1  micrometer.) 

Variations in absorption are due 
to differences in the atomic structure 
of different semiconductor materials. 
Some materials, called direct-band
gap materials, are strongly absorbing; 
others (indirect-band-gap materials) 
absorb weakly. Crystalline silicon is an 
indirect-band-gap material; thin-film 
materials such as amorphous silicon 
and copper indium diselenide are di
rect-band-gap materials. In the indi
rect type two coincident phenomena 
are req uired to promote a valence 
electron to the conduction band: the 
light absorption itself, and the favor
able interaction of a lattice vibration 
(called a phonon). In the direct-band
gap materials the light energy alone is 
sufficient. The difference in probabili
ty between the single event and the two 
events accounts for the order-of-mag
nitude difference in the absorption of 
light by the materials. 

I n working with solar cells one is also 
concerned about the amount of 

sunlight reaching the earth. Just be
yond the earth's atmosphere the solar 
constant, as it is called, is 1,358 watts 
per square meter. By the time sunlight 
reaches sea level the absorption of so
lar energy by water vapor, ozone (03) 
and carbon dioxide has reduced the 
input to about 1,000 watts per square 
meter. At the earth's surface this solar 

energy lies mainly in the range of 
wavelengths from .4 micrometer to 
2.5 micrometers; the energy peaks be
tween .5 and .55 micrometer, which is 
approximately the wavelength of the 
green color of leaves. 

The output of a solar cell is deter
mined by the energy spectrum of the 
optical absorption in the active area of 
the semiconductor and by the depth of 
the p-n junction (the interface between 
the layer that tends to collect positive 
charges, or holes, and the layer that 
tends to collect negative charges, or 
electrons) as measured from the side 
of the cell facing the sun. An example 
of the kind of efficiency to be expect
ed from a solar cell is seen in the crys
talline silicon cell. Such a cell is sen
sitive to light in the range from about 
.35 micrometer to about 1. 1 microme
ters, encompassing nearly all the visi
ble spectrum and extending into the in
frared. Because of losses arising from 
such factors as heat, reflection and 
photons that are not absorbed by the 
semiconductor, the theoretical limit 
of a silicon cell's efficiency in convert
ing sunlight into electricity is about 
28 percent. Further losses within the 
cell mean that the actual efficiency 
falls somewhat short of the theoretical 
maximum. 

It is often pointed out that the con
version efficiency of a solar cell is less 
than half that of generating systems 
based on nuclear power or fossil fuel. 
The comparison is nonsensical. At a 
conversion efficiency of 38 percent a 
steam turbine fueled by oil is wasting 
62 percent of the expensive fuel. (In-
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deed, the fuel came from sunlight
associated processes far less efficient 
than a solar cell.) Moreover, the gener
ated energy causes thermal pollution, 
acid rain and atmospheric contami
nation. On the other hand, even if a so
lar-cell installation is only 10 percent 
efficient in converting sunlight into 
electricity, it is effectively utilizing an 
otherwise neglected energy source that 
costs nothing. 

This is not to say that there is no 
need to try to improve the efficiency of 
solar cells. Any gains in efficiency con
tribute to reducing the cost of the out
put power of solar-cell installations. 
Hence a good deal of research and de
velopment is directed at improving the 
conversion efficiency (sunlight into 
electricity) of candidate technologies 
so that they will produce more power. 

An obvious but important step is to 
apply an antireflective coating to the 
front surface of the cell in order to 
increase the amount of nonreflected 
light and thus the number of photons 
penetrating to the p-n junction. Reflec
tion losses in an uncoated cell can 
reach 30 percent. Another effort is to 
employ what is called back-surface
field technology, whereby an elec
tric field is created at the back surface 
of a semiconductor to push random
ly moving free carriers back toward 
the p-n j unction in order to enhance 
the separation of electrons and holes. 
Through such efforts the efficiency of 
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mass-prod uced crystalline solar cells 
has now reached about 14 percent. 

Decently several innovative materi
.R als have been developed for pho
tovoltaic cells. One of the most impor
tant is amorphous silicon (a-Si), which 
does not have the regular lattice struc
ture of crystalline silicon. The amor
phous structure increases considerably 
the probability that light will be ab
sorbed and that an electron will be lift
ed to the conduction band. The materi
al is therefore considerably better than 
crystalline silicon at absorbing sun
light. Hence it can be manufactured in 
thin-film form for semiconductors (.5 
micrometer thick compared with up 
to 300 micrometers for crystalline sili
con). Because they contain less materi
al, thin-film cells cost less. 

A related development is the inven
tion of amorphous silicon carbide (a
SiC). With this alloy the manufacturer 
can control not only the valency (by 
doping the material with impurities to 
supply either more or fewer electrons) 
but also the size of the energy gap
the amount of incident energy needed 
to lift an electron to the cond uction 
band-to which the cell responds (by 
varying the amount of carbon). This 
discovery opens up an amorphous-sili
con-alloy age featuring such new ma
terials as amorphous silicon germa
nium (a-SiGe), amorphous silicon ni
tride (a-SiN) and others. Such alloys 

1 6% 

2% 

change the band gap of amorphous sil
icon so that it can be adapted to differ
ent functions in thin-film cell designs. 

Another advance in thin-film solar
cell technology is to stack cells in order 
to make more use of the solar spec
trum. For example, the top cell might 
collect blue light, allowing red light to 
pass on to a cell that is more efficient 
in that part of the spectrum. 

A sealed panel containing a number 
of cells interconnected at the factory is 
called a photovoltaic module. Sever
al modules form an array. To collect 
sunlight more efficiently a solar array 
can be built into what is called a flat
plate installation, which is mounted 
on a support structure that can be 
designed to track the path of the sun 
throughout the daylight hours. Anoth
er technique for collecting sunlight is 
a concentrator installation, which em
ploys reflectors or lenses to focus sun
light on the solar cells. The two types 
of installation differ operationally in 
that a flat plate will work satisfactorily 
even in the diffuse light of a cloudy 
day, whereas a concentrator works 
well only in direct sunlight. The disad
vantage of the concentrator installa
tion may be partly overcome by equip
ping the system with high-efficiency 
solar cells, including single-crystal sili
con and gallium arsenide cells, which 
are now in the efficiency range from 
20 to 26 percent. 

The use of a concentrator installa-

VOLTAGE AND 
CARRIER-RECOMBINATION 
LOSS (16%) 

16% 

2% OUTPUT 
(14-22%) 

ENERGY FLOW in a crystalline-silicon solar cell utilizes in prin

ciple about 44 percent of the solar energy to which the cell is 
sensitive. About 16 percent of the energy is lost by various proces

ses within the cell, leaving a theoretical limit of efficiency of 28 

percent. Further losses reduce the actual efficiency of the cell in 
converting sunlight into electricity to between 14 and 22 percent. 
The arrows labeled "2 percent" indicate lost energy, as from los
ses to reflection, that can be re-collected by a well-designed cell. 
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SILICON ATOM 

STRUC TURAL DIFFERENCE between crystalline silicon (a) 
and amorphous silicon (b) is indicated. Until recently most solar 
cells were made of crystalline silicon, which has the regular lattice 
structure of a typical crystal. The amorphous, or irregular, struc
ture increases considerably the possibility that light will be ab-

sorbed, because the photons interact more with the amorphous 
structure. Hence a cell can be made with less material by means 
of what is known as thin-film technology. Amorphous silicon is 
one of several materials recently developed for thin-film cells; 
other materials include gallium arsenide and cadmium telluride. 

tion bears on the question of reducing 
the cost of solar-cell power plants. Op
tical devices such as lenses and reflec
tors can be cheaper than solar cells, 
and so a power plant employing them 
may require less of an investment in 
photovoltaic devices. Moreover, in 
a concentrator installation the small
area solar cell at the focus of concen
tration is not the cost driver of the sys
tem; therefore it is possible to utilize 
highly efficient photovoltaic devices 
that would be much too expensive for 
a flat-plate installation. 

C ost is what has delayed the advent 
of large-scale generating plants 

based on photovoltaic power. In 1974 
the price of a solar-cell module was 
$50 per watt of peak power. The cost 
of power-grid electricity from such 
a module would have been extremely 
high: $3 per kilowatt-hour, assuming a 
20-year life and adding another $50 
per peak watt to cover the costs of oth
er components of the system. At that 
time the cost of electrical energy gen
erated by fossil fuels and nuclear ener
gy was from five to 10 cents per kilo
watt-hour. The sharp difference neces
sitated a tremendous research effort 
aimed at bringing down the cost of 
photovoltaic electricity. The work has 
encompassed cell materials, cell struc
ture and mass-production processes. 
As a result of those efforts the cost of a 
mod ule has come down by one order 
of magnitude, to about $5 per peak 
watt. Further reductions, perhaps by 

another order of magnitude to less 
than 40 cents per peak watt for thin
film cells such as amorphous silicon, 
can be expected in the next decade. 

Thin-film technology serves to illus
trate the possibilities. Cells made of 
three of the thin-film materials (amor
phous silicon, copper indium disele
nide and cadmium telluride) have 
achieved 10 percent efficiency in the 
laboratory. Several companies in the 
U.S. and Japan are making commer
cial modules of amorphous silicon, in 
some cases from one square foot to 
four square feet in area. The efficiency 
of the modules is about 8 or 9 percent. 
A few companies are commercializing 
the other two materials, which match 
amorphous silicon in their potential to 
achieve the long-term efficiency and 
cost level required for thin-film tech
nology. Manufacturers of copper in
dium diselenide have been able to 
achieve an efficiency of almost 10 per
cent for modules 100 square centime
ters in area. Several companies work
ing with cadmium telluride have been 
experimenting with electrode position 
as a means of making solar cells at low 
cost. Some companies have made cad
mium telluride modules that have an 
area of one square foot or more. 

The thrust of the work aimed at im
proving these materials so that they 
will meet the requirements for produc
ing power at a competitive price is to 
increase the efficiency to about 15 per
cent for modules, to develop fabrica
tion techniques that will turn out mod-

ules at a cost below $50 per sq uare me
ter and to ensure that the modules are 
durable, operating efficiently for up 
to 30 years in outdoor installations. 
The fact that thin-film devices have 
reached a conversion efficiency of 10 
percent (from zero only a decade ago) 
indicates the rate of progress. Several 
companies profess to have achieved 
efficiencies of 1 1  or 12 percent in labo
ratory cells. In the end the efficiency of 
working cells will have to be 16 or 17 
percent in order to achieve an average 
of 15 percent in large arrays, because 
of inherent losses. 

Progress toward these efficiencies is 
steady, and new strategies to achieve 
them (such as by stacking cells) are 
being developed systematically. The 
attainment of large-area fabrication 
seems to be clearly within sight. Signif
icant cost reductions will result when 
the new materials go into large-scale 
prod uction. 

As the price of solar cells has come 
I\. down over the past 10 years, sev
eral new applications for the technol
ogy have appeared. In addition to the 
variety of solar-powered electronic de
vices now available on the retail mar
ket, they include water pumps and 
signals for automobile and railway 
traffic. Generators that are light in 
weight and powered by solar cells pro
vide electricity for boats and for land 
vehicles such as golf carts. As Kenneth 
Zweibel of the Solar Energy Research 
Institute has pointed out, the technolo-
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gy should find a number of applica
tions in developing countries. 

The next step is a large-scale photo
voltaic system hooked up to a utility 
grid. For the purpose of tests and dem
onstrations leading toward such a ca
pability, the U.S. Department of Ener
gy in the late 1970's provided money 
for nine intermediate plants, ranging 
in size from 10 kilowatts to 100 kilo
watts. These plants have proved the 
feasibility of intermediate-size plants 
and larger ones. As of 1984 the num
ber of fairly large photovoltaic power 
plants built or planned was 14. They 

range in size from 200 kilowatts to 120 
megawatts. The locations include the 
U.S., Italy, Japan, Saudi Arabia and 
West Germany. The European Com
munity and some individual countries 
are developing 20 photovoltaic dem
onstration plants in the range from 15 
to 300 kilowatts. Japan has in opera
tion more than 10 plants in the range 
from three to 200 kilowatts, and a one
megawatt plant built by the New Ener
gy Development Organization began 
operation in 1985. Japan's Sunshine 
project, started in 1974, aims at devel
oping renewable-energy ideas to meet 
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PRODUCTION AND COST of solar cells have moved in opposite directions in the past 
decade, and the trend is projected to continue. A module is a sealed panel containing a 
number of solar cells interconnected at the factory; several modules constitute an array. 

92 

a considerable part of the nation's 
energy demand by the year 2000. The 
U.S. Department of Energy has had 
a photo voltaic program with similar 
aims for several years. 

The largest solar plant now operat
ing is at Carrisa Plains in California. It 
was built in less than a year by ARCO 
Solar, Inc. and Pacific Gas & Electric 
Company and provides 7.2 megawatts 
of peak power to the utility's grid. 

Taking into account the improve
ments that can be expected in ma
terials and performance, the cost of 
electricity from photovoltaic systems 
could be competitive with convention
al power plants by 1995. Stated in 
terms of cost per kilowatt-hour, the 
conventional plants will be produc
ing electricity for between three cents 
(hydroelectric stations) and 35 cents 
(coal-fired steam turbines). Photovol
taic plants should by then be at about 
eight cents. Future improvements in 
photo voltaic technology should make 
it possible to sell the power at less than 
four cents per kilowatt-hour. 

A solar photovoltaic system has a 
number of advantages in addition to 
its reliance on a clean and inexhaust
ible resource. It has no moving parts, 
so that a solar power station can be vir
tually maintenance-free-a phenom
enon that has been demonstrated in 
remotely operated lighthouses, tele
communication relay stations and 
space vehicles. Solar cells can easily 
be mass-produced, as transistors and 
semiconductor integrated circuits are. 
In an expanding market this attribute 
can be expected to bring about cost re
ductions resulting from economies of 
scale. Solar arrays consist of a number 
of solar-cell modules and allow a wide 
range of application sizes and types 
with the same conversion efficiency 
and technology. A plant of megawatt 
size can be built in less than a year, 
in sharp contrast to conventional pow
er plants and particularly to nuclear 
plants. As a result power companies 
can have more flexibility in planning 
for projected changes in the demand 
for electricity. 

I n the light of all those considera
tions one can expect that the era of 

economically feasible photovoltaics 
will arrive in the near future, sooner 
than anyone would have supposed a 
decade ago. The achievement will re
quire sustained research and develop
ment work, international cooperation 
and perhaps some initial subsidies by 
individual governments. Given the 
right conditions, the photovoltaic in
dustry could eventually rival the elec
tronic industry in size. 
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Better CheckThe Climate 
BefOre You Move \bur Business. 

W hile most of the country may be 
cooling down, New Jersey business just 
keeps getting hotter. 

In the first half of 1986, business 
starts in the nation were up only 8.4% 
over the previous year. New Jersey, on the 
other hand, boasted a 30.3% increase. 

And although New Jersey is one of 
the leading states for hi-tech industries, 
we are not interested in just being the 
Silicon Valley of the East. We're looking 
for those emerging growth industries 
that are best suited to our region. We call 
this strategy, niche-finding. 

Once we find a niche, we support it. 
New Jersey has created five university
based Centers of Excellence - tele
matics, biotechnology, materials science, 
food technology, and waste management. 

New Jersey is the right place. 
Geographically, socially, and politically. 
lWenty percent of our current employ
ment is provided by firms which didn't 
even exist ten years ago. 

If you're an entrepreneur with vision, 
take a look at New Jersey. We warm up to 
innovation and creativity. 

For more information, write: 

Ben Ferrara, Director, Division of Economic 
Development, CN 823, 1tenton, 
New Jersey 08625 . Or call 609-292-77 57. 

We won't leave you out in the cold. 
r----------------------( 

I 
Department of Commerce and Economic Development 
I plan to locate or expand my business in New Jersey. 
Please have a relocation specialist contact me. 

I Nam,,-e _________ _ 

Titlet---_________ _ 

I Company _________ _ 

AddresLS _________ _ 

City Sr.ale Zip __ _ 

� _ � -_ -_ -_-_ -_ - _- _-_ -_ -_-_- _- _- _- _-S-AN-_E-4J.-8� _ --' 

New Jersey And You, Pettect Together $ 
Thomas H. Kean, Governor Borden R Putnam, Commissioner, Department of Commerce & Economic Development 
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The Emergence of Animals 
Some 570 million years ago animals diversified at an unprecedented 

rate. New body plans and ways of living emerged in concert with a 

new kind of community, one characterized by complex food chains 

j\ recently as the middle of this 
century the earliest known fos
sils had all come from geologic 

formations in a stratigraphic interv.al 
known as the Cambrian, which con
tains rocks formed between about 5 70 
and 50 5 million years ago. The Cam
brian fossils included animals with 
body plans similar to those of a num
ber of living animals. The fossil record 
therefore posed a perplexing question: 
Where were the ancestral forms that 
had given rise to these plentiful, ad
vanced and diverse early sea animals? 
The sudden appearance of animal fos
sils in the lowest Cambrian strata, and 
the absence of animal fossils in Pre
cambrian strata, made the boundary 
between the Precambrian and Cam
brian periods the cardinal division of 
the geologic time scale. 

In recent years a number of areas 
throughout the world have indeed 
yielded animal fossils older than the 
Cambrian. Still, the fact remains that 
a tremendous explosion of life took 
place in the Cambrian period. The 
start of the Cambrian marks the first 
appearance of a large number of ma
jor groups of animals. Many of these 
have survived until today. Many oth
ers are so unusual that they cannot 
be assigned to any known phylum. 
(A phylum is a group of animals that 
share the same general body plan.) Al
though most kinds of body plan found 
in present-day creatures first appeared 
during the Cambrian period, only a 
tiny fraction of the animals inhabiting 
the Cambrian seas gave rise to any
thing living today. Most of the rest can 
be viewed, with the benefit of hind
sight, as short-lived experiments. The 
Cambrian period saw a higher per
centage of such experimental groups 
of animals than any other interval in 
the history of the earth. 

The emergence, during the transi
tion from the Precambrian to the 
Cambrian, of so many kinds of crea-
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tures radically changed the nature of 
the relations among animals. Crea
tures evolved during the Cambrian to 
fill ecological niches that had never 
before been filled. Animals that fed on 
living matter, rather than scavenging 
dead organic matter or relying on sym
biotic relationships with photosynthe
sizing algae, became much commoner. 
Predators emerged. The animals of the 
Cambrian coexisted in a web of re
lations not unlike those that connect 
modern animals. The transition from 
the Precambrian to the Cambrian thus 
saw not only the appearance of many 
modern kinds of animals but also the 
development of the modern kind of 
animal community. 

The transition from the Precambri
an to the Cambrian can be divided 

into four main stages. The first stage is 
marked by the appearance of the very 
first shelly fossils (only one or two 
shelly species from this stage have 
been found) and the so-called Ediaca
ran fauna: flat, soft-bodied creatures 
named for the Ediacara Hills of South 
Australia, where many of the first 
specimens were found. In a very rough 
approximation, this stage took place in 
the period between about 700 and 5 70 
million years ago. The second stage, 
which began about 5 70 million years 
ago (with an uncertainty of plus or mi
nus 40 million years), saw the disap
pearance of the Ediacaran faunas and 
the first assemblages of shelly faunas 
of low diversity (in which about five 
species of shelled animals are found 
together). This stage lasted for about 
five to 1 5  million years. 

The third stage, which lasted for 
about 10 to 20 million years, is char
acterized by shelly faunas of moder
ate diversity (more than five but few
er than 1 5  species of shelled animals 
found together) and the first appear
ances of a group of unusual, vase
shaped creatures known as archaeocy-

athans. The fourth stage, which last
ed for some 1 5  to 30 million years, 
saw the first shelly faunas of high di
versity and the earliest appearance of 
trilobites. Trilobites are extinct ar
thropods (animals having jointed ap
pendages) that were made up of three 
sections (head, thorax and tail) and 
covered by a shieldlike carapace, or 
exoskeleton; like modern arthropods, 
trilobites grew by shedding their cara
pace, and cast-off carapaces are com
monly found as fossils. 

The appearance of the Ediacaran 
fauna, which indicates the first of 
these four stages, is found in strata 
above the Precambrian occurrences 
of glacier-generated marine sediments 
known as tillites. These tillites record 
drawn-out episodes of worldwide gla
ciation. The Ediacaran fauna must 
therefore have come into being not 
long after the last major episode of late 
Precambrian glaciation. Fossils of 
Ediacaran soft-bodied animals are 
found with fossil traces (animal tracks 
and shallow burrows) formed along 
the surface of what was then the sea 
floor. There are many fewer fossils at 
this stage than at later stages, but this 
can be accounted for partly by the fact 
that soft-bodied creatures (which de
cay rapidly) tend not to be preserved 
as fossils; it does not necessarily indi
cate that Ediacaran species were not 
abundant and widespread. A handful 
of shelled fossils are also found at this 
stage, including Cloudina, which is a 
tube-shaped fossil from Namibia that 
has a shell made of calcium carbonate, 
and Sinotubulites, another tubular fos
sil of calcium carbonate, which is 
found in Precambrian rocks of south
ern China. 

This interval also yields tube-shaped 
fossils known as sabelliditids and ven
dotaenids. Sabelliditids are typically a 
few centimeters long and from one to 
several millimeters in diameter. They 
are fossils of tubular sheaths original-
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HELICOPLACUS, a creature that became extinct about 510 mil

lion years ago, only 20 million years after its first appearance, had 
what might be called an experimental body plan: its parts were 

organized in a way that is not found in any living creature. Helico

placus was shaped like a cylindrical spindle and was covered with 

a spiraling system of armor plates. It emerged during the transi
tion from the Precambrian to the Cambrian period. During that 

transition more kinds of body plan arose than at any time before 

or since. Most, like the plan of Helicoplacus, proved to be unsuc

cessful. The specimen shown here is about five centimeters long. 
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ly composed of a flexible organic sub
stance that probably housed worm
like, filter-feeding animals. Sabelli
ditid tubes, along with Claudina and 
Sinatubulites, give evidence of early 
tube-dwelling animals that had taken 
up a sessile (stationary), filter-feeding 

TRIBRACHIDIUM 

PARVANCORINA PTERIDINIUM 
EDIACARAN FAUNA 

CLOUDINA SINOTUBULnES 

PROTHERTZINA 

ANABARITES 

way of life. Vendotaenids are also tu
bular fossils originally made of a flexi
ble, organic substance, but they are 
much smaller than sabelliditids (less 
than a centimeter long and about a 
tenth of a millimeter wide). Vendotae
nids may represent sheaths formed as 

external secretions by colonies of Pre
cambrian bacteria. 

A t the beginning of the second stage 
I\.. of the transition period, fossils 
appear-of animals and pieces of ani
mals-whose hard parts are based on 

PRECAMBRIAN OR EDIACARAN 

EDIACARAN SOFT·BODIED FAUNA 

<:!.INOTUBULITES 

�LOUDINA 

EDIACARAN FAUNA 

ARTHROPOD TRACES DEEP VERTICAL BURROWS 

ANIMAL LIFE became much more complex and diverse during 

the transition from the Precambrian to the Cambrian period. (All 
the creatures shown here lived in the sea.) The so-called Edia

caran fauna, which were soft-bodied and tended to be fiat, lived 

between 700 and 570 million years ago, during the first stage of 

the transition. This stage also saw the appearance of Cloudina and 

Sinotubu/ites, tube-shaped fossils of calcium carbonate shells. A 

characteristic fossil of the second stage of the transition is Proto-

hertzilla, a relic made of calcium phosphate that resembles the 

spines with which some modern predators grasp prey; Protohert
zilla was probably a grasping spine of an early predator. Another 

shelly fossil from the same period is Anabarites. It and Protohert
zilla are found in rock formations over a wide range, including 

sites in Asia, Australia, the Middle East and North America. In 

rocks from this period the diversity and number of trace fossils 
(fossils of the tracks and shallow burrows left by animals) in-
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calcium phosphate. The earliest of 
these phosphatic fossils are a few mil
limeters or less in length, and they 
make up a low-diversity grouping of 
early phosphatic shelly fauna. One ex
ample is the tusk-shaped fossil called 
Protohertzina. It has strong microstruc-

MILLION YEARS BEFORE PRESENT 
---

tural similarities to the sharp spines 
that a modern phylum of tiny but vo
racious predators called chaetognaths, 
or arrow worms, use for grasping. Pro
tohertzina itself probably served as a 
grasping spine of some similar crea
ture, and it is the first fossil that can be 

---
--- EARLY CAMBRIAN ---

--
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identified with any confidence as hav
ing been part of a predatory animal. 
Along with the phosphatic fossils ap
pear some shelly ones consisting of 
calcium carbonate. The original min
eralogy of these early shelly fossils is 
sometimes difficult to ascertain, be-

1 CM 

CALLAV/A 

OLENELLUS 

TRILOBITES 

LAPWORTHELLA 

crease markedly. There are some tracks of great complexity; ex

amples are Phycoides pedullI, which records a series of feeding and 
burrowing motions, and certain tracks that have chevron-shaped 

grooves, which were probably made by some early arthropod. (Ar
thropods, such as the modern lobster, are creatures that have 

jointed appendages.) Rock formations from this stage also show 

the earliest deep vertical burrows. During the next period the bra

chiopods (two-valved creatures that resemble clams) emerged, as 

did a strange group of creatures known as archaeocyathans, which 

had double-walled, porous skeletons made of calcium carbonate. 

Toward the middle of this third period Lapworthella, an armored 
animal, first appeared. (The rendering of Lapworthella shown here 

is a reconstruction based on fossils of individual sclerites, or 

pieces of the armor coat.) The fourth phase of the transition 

marks the appearance of the trilobites, arthropods that were cov
ered by a shieldlike exoskeleton, which they shed as they grew. 
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cause calcium phosphate can replace 
shell matter made of calcium carbon
ate with such fidelity that structural 
features only a few thousandths of a 
millimeter wide are preserved. 

At about the same stratigraphic lev
el there is a tremendous increase in 
the number and diversity of fossilized 
tracks and traces on the sea-floor sedi
ment. Deep vertical burrows appear 
for the first time and there is an abun
dance of complex trace fossils such as 
Phycoides pedum, a track that records a 
series of feeding and burrowing mo
tions made by a bottom-dwelling ani
mal. There are also animal tracks that 
have chevron-shaped grooved mark
ings, formed as the appendages of 
a crawling or burrowing arthropod 
scraped the sediment. 

The Ediacaran fauna, with one pos
sible exception, seems to have become 
extinct at this level, although some pa
leontologists believe the lack of fossil
ized corpses of Ediacaran-style soft
bodied animals may be due to scav
enging by burrowing animals, whose 
number and activity increased mark
edly at this time. 

The third stage of the transition 
from the Precambrian to the Cambri
an is indicated by moderate-diversi
ty shelly faunas. In most areas of the 
world these appear in strata immedi
ately above those containing the low
diversity faunas. In a region called the 

Siberian platform, which is in central 
and western Siberia, the moderate-di
versity faunas are accompanied by the 
earliest archaeocyathans: vase-shaped 
fossils that had double-walled, porous 
skeletons made of calcium carbonate. 
The archaeocyathans bear a slight re
semblance to corals and sponges, but 
in fact they have no close relationship 
to any living group and are currently 
placed in their own phylum. Archaeo
cyathans, in combination with calcare
ous algae (multicellular algae whose 
branches and light-gathering organs 
were reinforced by needles of calcium 
carbonate), formed the earliest wave
resistant reefs by growing together in 
mound-shaped accumulations of skel
etal material called bioherms. 

In the fourth stage of the transition, 
which is marked by the high-diversity 
shelly faunas, the geographic range of 
the archaeocyathans expanded great
ly, reaching many areas far from the 
Siberian platform. In addition, fossils 
of trilobite carapaces appear for the 
first time in sediments formed during 
this stage. 

I n the 19th century the boundary 
between the Precambrian and the 

Cambrian was relatively easy to find, 
because the areas then under study 
showed major gaps or unconformities 
(representing an interval of time in 
which there was no preservation or de-

position of rocks) between Precambri
an and Cambrian sedimentary layers. 
The expanded data base available to 
20th-century paleontologists has ac
tually complicated the task of locating 
the boundary precisely, because many 
regions are now known where Precam
brian and Cambrian formations grade 
continuously into each other. Deter
mining where the boundary lies in any 
given rock formation is necessary if 
paleontologists are to correlate the 
information gathered at one site with 
that gathered at another and to deter
mine the relative ages of the forma
tions in question. 

Precambrian and Cambrian strati
graphic sections are difficult to corre
late from site to site for two reasons. 
One reason is that there are only a lim
ited number of early fossil species to 
study. The other is that many of the 
species that do exist have long strati
graphic ranges (they are found in stra
ta deposited over a broad time inter
val) and are not particularly useful for 
splitting stratigraphic sequences into 
biostratigraphic subdivisions. 

Many early fossils are widespread 
geographically as well as stratigraphi
cally. One such organism is Anabarites, 
a tube-shaped fossil with three distinc
tive interior ridges. Anabarites first ap
peared during the stage of low-diversi
ty shelly faunas and continued as a 
component of the high-diversity fau-

GEOGRAPHY of the world during the transition from the Pre

cambrian to the Cambrian period presented the conditions in 
which the emerging life of the transition period could flourish. In 

the late Precambrian much of the earth's landmass was concen

trated in a single supercontinent. The breakup of the superconti

nent, which probably took place near the beginning of the Cambri-

an period, provided large regions of new coastline for colonization. 

Many of the newly formed continents were at or near the equator, 
and so they offered a warm, equable climate. The increasing dis

tances between the early Cambrian continents encouraged provin

ciality (differences among separated faunas). Grid lines drawn on 

the continents mark present-day lines of latitude and longitude. 
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nas. It is found in Australia, China, In
dia, Iran, Kazakhstan, Mongolia, west
ern and eastern North America and Si
beria. The widespread distribution of 
some elements of the Ediacaran fauna 
and the early shelly faunas stems from 
the positions of the continents in the 
late Precambrian and early Cambrian. 
Most of the continents were near the 
equator, and there is good reason to 
suppose that in the late Precambrian 
many of the present-day continents 
were part of a single supercontinent. 

Indeed, Gerard C. Bond and his col
leagues at the Lamont-Doherty Geo
logical Observatory have found evi
dence that continental rifting occurred 
around the edges of North America 
during the transition from the Precam
brian to the Cambrian. The proximity 
of the newly separated continents in 
the early stages of continental drift, 
and the fact that the continents sat 
at roughly the same latitude, made it 
possible for animals to spread widely: 
there were no broad oceans or extreme 
differences in temperature to prevent 
faunas from migrating from one conti
nental shelf to another. 

Provinciality (that is, differences 
among species in different locales) be
gan to develop throughout the world 
when the first widespread archaeocya
thans and trilobites appeared. The ten
dency toward provinciality was no 
doubt intensified by the growth of pro
gressively larger oceans between con
tinents throughout the early Cambrian 
period. Also, Allison R. Palmer of the 
Geological Society of America has 
shown that at this time groups of for
mations called carbonate belts began 
to form along the margins of several 
continents. Carbonate belts are shal
low marine areas formed by the accu
mulation of shells made of calcium 
carbonate. Because they limit access 
to the open sea, carbonate belts make 
it possible for animals living in areas 
between a belt and the shoreline to 
evolve in isolation from similar ani
mals living on other continents. The 
effect is particularly evident in some 
trilobite groups. 

Because most continents in the late 
Precambrian were near the equa

tor, the climate after the last Precam
brian glacial episode was probably 
quite equable. As the global climate 
became warmer, food supplies in 
shallow marine waters began to stabi
lize at relatively low levels. A decrease 
in worldwide temperature extremes 
would have contributed to the stability 
of marine food resources. In general, a 
smaller gradient in temperature be
tween the poles and the equator leads 
to a smaller seasonal overturn of the 
ocean, causing fewer deep-ocean nu-

FOSSILIZED TRACKS give an indication of the complexity of the creatures that made 

them. Some tracks formed in the Precambrian, as is shown in the top photograph, are the 

result of shallow, horizontal burrowings in the sediment on the sea floor. They are about 
a millimeter wide. The broad track shown in the bottom photograph was made in the 

Cambrian period by a crawling mollusklike organism. It is about 1.5 centimeters wide. 

trients to reach shallow marine waters. 
A stable, nonfluctuating supply of 
food is crucial for many marine ani
mals, and particularly for those that 
live in the Tropics and are more accus
tomed to stable conditions than crea
tures that live in areas having more 
pronounced seasonal variations. 

As a matter of fact, the limited sup
ply of food available during the Pre
cambrian helps to explain the unusu
al, flattened bodies of the Ediacaran 
creatures. The flatness and thinness 
of the Ediacaran body plan (the pan
cake-shaped Dickinsonia, for example, 
had a maximum thickness of no more 
than about six millimeters although 
its diameter could exceed one meter!) 
maximized the ratio of surface area 
to volume. A high ratio of surface 
area to volume is ideal for the feed
ing strategies known as photoauto
trophy and chemoautotrophy, which 

are favored in environments contain
ing small amounts of nutrients. 

Photoautotrophy involves a symbi
otic relationship with photosynthesiz
ing algae. Within the tissues of the host 
animal the algae are protected from 
animals that might feed on them. In re
turn they release nutrients to the host 
and remove waste products. For such 
symbiosis to work, a substantial part 
of the host's body must be exposed 
to sunlight so that the algae can pho
tosynthesize efficiently. Many reef 
corals and a few tropical clams harbor 
symbiotic photosynthetic algae. 

The other strategy, chemoautotro
phy, is the direct uptake of energy-sup
plying nutrients from seawater. It too 
can sometimes involve internal sym
biosis, in which the animal harbors 
chemosynthetic bacteria. The strategy 
is common, for example, among mod
ern animals living near deep-sea hy-
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drothermal vents. Some, however, 
seem to absorb dissolved nutrients di
rectly, without the aid of bacteria. 

The flattened bodies of the Ediaca
ran fauna would have made possible 
efficient uptake of nutrients in seawa
ter or efficient absorption of light by 
photosynthesizing algae. Recent stud
ies by Pamela Hallock-Muller of the 
University of South Florida in St. Pe
tersburg have shown that in low-nutri
ent waters the host-symbiont associ
ation is particularly favored, because 
the host can recycle its waste products 
directly through the symbiont rather 
than releasing them into the environ
ment. The Ediacaran fauna may there
fore have been well adapted to the ma
rine conditions that prevailed through
out the late Precambrian, when the 
waters of shallow seas are thought to 
have been low in nutrients. 

Toward the end of the Precambrian 
and during the transition to the 

Cambrian the food supply changed, 

probably in response to changes in the 
chemistry of the oceans, and other 
feeding strategies became more im
portant. Heterotrophy-the consump
tion of other organisms (either animals 
or plants)-became increasingly im
portant near the end of the Precambri
an. Evidence for increased heterotro
phy is found, for example, in the fossil 
record of stromatolites: structures 
shaped like domes, columns or cones 
that were built up in layers by sea
floor carpets of algae. Stromatolites 
grew upward toward the sun, succes
sive layers of algal mats rich in organic 
matter alternating with layers of sedi
mentary particles that were trapped by 
the mats. Although each layer was 
much less than a millimeter thick, the 
layers gradually accumulated to form 
large columns or domes; some Pre
cambrian stromatolites were more 
than 10 meters high. 

About 800 million years ago stro
matolites underwent a marked decline 
in diversity, which Stanley M. A wra-

WOUNDED ANIMALS provide striking evidence of predation during the transition pe

riod. The image at the top shows a damaged and healed shell of Hyolithellus enlarged 

some 40 diameters. The photograph at the bottom shows a wounded and healed carapace 
(exoskeleton) of the trilobite Oiellellus robsollensis seen at three-fourths actual size. That 

the wounds have healed is important, because it demonstrates that the damage was done 

during the life of the animal and was not inflicted later on a corpse or an empty shell. 
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mik of the University of California at 
Santa Barbara has attributed to the ap
pearance of algae-eating animals: stro
matolites are easily overgrazed, and 
disturbances in the algal mat can cause 
the stromatolite to stop forming. 

Some other possible evidence for 
increased heterotrophy is found in 
microfossiliferous cherts, which are 
sedimentary rocks made up of micro
crystalline quartz. When thin sections 
of these cherts are illuminated and 
viewed under a microscope, microbial 
fossils can be seen embedded in the 
translucent slices of rock. The sheaths 
of such fossils became more robust be
tween 800 and 700 million years ago, 
perhaps to provide protection from 
early grazing animals. At about the 
same stratigraphic level, fossils of 
traces made by scavenging and depos
it-feeding animals appear. The ani
mals that made these traces were al
most certainly the ancestors of the 
Cambrian shelly organisms. 

P erhaps the most astonishing aspect 
of the Cambrian faunas is that so 

many radically different types of ani
mals appeared in such a short interval. 
What gave rise to this sudden diversifi
cation? James W. Valentine of Santa 
Barbara and Douglas Erwin of Mich
igan State University have proposed 
that a high order of genetic repattern
ing was possible because the genome 
(the full complement of genes) of mul
ticellular animals was less complex in 
the transition period than it is today. 
Fewer kinds of mutation would have 
been fatal because the linkages among 
various parts of developmental genet
ic programs were not as intricate in 
Precambrian and early Cambrian ani
mals as they are in today's fauna. 

This genetic flexibility, Valentine 
and Erwin argue, is one of two reasons 
so many high-level taxa (such as clas
ses-which are the largest divisions 
within phyla-and phyla) came into 
being so suddenly. The other reason is 
that there were so many niches avail
able that had never before been occu
pied. The Cambrian could therefore 
see the appearance of new phyla and 
classes at a rate that has not been 
matched since: radically new animals, 
without competition, could become 
the founders of new classes or phyla. 

The Cambrian diversification, while 
rapidly establishing new phyla and 
classes, also initiated the first com
plex communities of animals linked 
by food chains. The existence of new 
types of communities in turn created 
niches for new types of animals. A key 
element in the establishment of animal 
communities is predation, which es
tablishes a hierarchic chain of food
transfer connections among animals. 
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Previous assumptions that predators 
were not important in Cambrian com
munities have been overturned by new 
indications that the impact of preda
tion was great. There are essentially 
three kinds of evidence: actual fossils 
of predators, specimens of damaged 
(and sometimes partially healed) prey 
and antipredatory adaptations in some 
animals. 

Protohertzina. the fossil that resem
bles a modern arrow worm's grasping 
spine, is a relic of one early Cambrian 
predator. Another predator is Anoma
locaris. which has recently been recon
structed from nearly complete speci
mens by Derek Briggs of the Universi
ty of Bristol and Harry Whittington of 
the University of Cambridge. Anoma
locaris is gigantic by Cambrian stan
dards (about 4 5  centimeters long) and 
resembles no living animal. It had a 
body shaped like a flattened teardrop, 
both sides of which were flanked by 
swimming fins. At its broad head were 
a pair of jointed appendages for draw
ing prey into its hideous mouth, which 
was shaped like a pineapple ring lined 
with teeth. Anomalocaris is probably 
an example of a short-lived, experi
mental phylum. Briggs and Whitting
ton suggest that Anomalocaris is large
ly responsible for one of the other ma
jor signs of predation in the Cambrian: 
fossils of wounded trilobites. 

There are numerous fossilized trilo
bite specimens that have had bites tak
en out of the carapace. In most cases 
the wounds are partially healed, indi
cating that the carapace was still at
tached to the trilobite when it was 
damaged, rather than having been 
damaged by a scavenger after being 
shed by the trilobite. There are other 
examples of predatory damage, such 
as small shelly fossils with boreholes 
in them. The holes resemble those 
made by certain modern predators 
that drill through shells to eat the soft 
meat inside. 

The third indication that predation 
was important in the early Cam

brian is the number of features of early 
Cambrian animals that could have had 
antipredatory functions. For example, 
the shells and exoskeletons that appear 
for the first time in a number of the 
new phyla probably served as a de
fense against predators. The deep ver
tical burrows that proliferate at the 
time of the low- and moderate-diversi
ty shelly faunas could have given pro
tection from predators unable to move 
through sediment. Several trilobite 
species evolved long spines, which 
may have made them more difficult 
for such contemporary predators as 
Anomalocaris to attack. 

In addition, Stefan Bengtson of the 

PUNCTAE 

ANTIPREDATORY ADAPTATION may explain the numerous punctae, or small holes, 

found in the shells of a group of animals known as mickwitziid brachiopods. Holes may 
have acted as channels for transporting chemical deterrents to the outside of the shell. 

PREDATOR from the early and middle Cambrian period may have fed largely on trilo

bites. This creature, Anomalocaris, was much larger than most animals of its day (it grew 

to be about 45 centimeters long). It had gripping appendages to carry food to its mouth; 

it swam by generating a wavelike motion along the finlike membranes on its underside. 

Institute of Paleontology in Uppsala, 
Ed Landing of the New York State 
Geological Survey and Simon Con
way Morris of Cambridge have shown 
that many small shelly fossils are ac
tually sclerites: disarticulated parts of 
a spiny, maillike coat of armor that 
probably protected the upper surface 
of slow-crawling animals. Such ani
mals may have resembled small ma
rine porcupines or hedgehogs. An
other adaptation is found in the class 
of brachiopods (creatures with a two
valved shell roughly resembling that 
of clams) referred to as mickwitziids. 
These animals had numerous pores, 
called punctae, running through their 
shell walls. The punctae may have de
livered chemical cteterrents to the out
er surface of the shell, discouraging 
predators and parasites. 

Predators, then, were an important 
part of the marine environment during 
the Cambrian. Exoskeletons, which 
may originally have evolved as a 
means of protection, were also key 
factors in the evolution of some strik
ingly new body plans. For example, 
without a bivalved shell brachiopods 

would not be able to produce the in
ternal currents that make their filter
feeding mechanism efficient. 

Even though the mechanics of the 
establishment of Cambrian com

munities are becoming clearer, one 
central question remains unanswered: 
Why did the Cambrian revolution oc
cur when it did and not tens or even 
hundreds of millions of years earlier? 
This question is particularly puzzling 
because scavenging and grazing ani
mals (known from their trace fossils) 
predate the Cambrian boundary by as 
much as 200 million years. 

One answer may have to do with the 
chemistry of the oceans. The concen
trations in seawater of phosphate, as 
well as of isotopes of sulfur and stron
tium, underwent dramatic (if poorly 
understood) fluctuations during the 
transition from the Precambrian to the 
Cambrian. As Peter Cook and John 
Shergold of the Bureau of Mineral Re
sources, Geology and Geophysics in 
Canberra suggest, the large phosphate 
deposits found in Precambrian-Cam
brian sediments in many parts of the 
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world may represent an episode of 
global phosphogenesis, when increases 
in the availability of phosphate and 
other nutrients made it easier for ani
mals to form phosphatic skeletons. 

A stumbling block to this hypothesis 
is that calcareous shells seem to be at 
least as prevalent as phosphatic shells 
at the boundary between the Precam
brian and the Cambrian. It may be 
more accurate, then, to see the episode 
of phosphate deposition as part of a 
larger event in which the oceans saw 
a sudden increase in the amount of 
available nutrients. An environment 
rich in nutrients would no longer have 
favored the bioenergetics of the host
symbiont relationship and so it would 
have increased the number of scaven
gers and deposit feeders, leading in 
turn to an increase in the number of 
predators. As such heterotrophic or
ganisms reached what might be called 
a critical biomass, an "ecological 
chain reaction" (in the words of Mar
tin Brasier of the University of Hull) 
could be initiated: newly evolved ani
mals might create niches that could be 
filled by other, newer animals, eventu
ally resulting in complex communities 
in which there were abundant shell
bearing animals. 

The Ediacaran fauna (and the oth
er Precambrian animals) had orig

inated in a world characterized by a 
massive supercontinent, waning gla
ciation and relatively low supplies of 
marine nutrients. The remarkably nu
merous and diverse Cambrian animals 
appeared in a world marked by the 
breakup of the supercontinent (which 
made extensive tropical shorelines 
available) and abundant marine food 
supplies. It is not yet known with cer
tainty whether the Cambrian animals 
appeared because of such changes in 
the global environment, because of a 
series of fortuitous changes in the ge
netic programming of animals or be
cause of some combination of these 
causes and other, unrelated factors. 

Whatever the reason for their ori
gin, the earliest Cambrian innovations 
(such as shelly organisms, predators 
and deep burrowers) went on to colo
nize the world rapidly. The combina
tion of environmental influences (such 
as nutrient-rich waters) and biotic 
changes (such as the emergence of 
predators) caused a major change in 
the nature of animal communities. 
Modern animals, including human be
ings, are the direct descendants of the 
animals that first appeared during the 
Cambrian explosion, and the style of 
ecological interaction these early ani
mals brought about has characterized 
nearly all animal communities of the 
past 570 million years. 
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Acoustics of Ancient Chinese Bells 

Bronze bell chimes were important orchestral instruments until 

they vanished from history 2,000 years ago. A chime recovered 

by archaeologists has revealed their sophisticated acoustical design 

I
n 1978 a set of Chinese bronze 

chime bells large enough to oc
cupy the entire stage of a modern 

recital hall was unearthed in Hu
bei Province in southern China. The 
chime, which dates from the fifth cen
tury B.C., consists of 65 bells encom
passing five octaves, a range greater 
than that of most contemporary in
struments. A filigree of gold-inlaid in
scriptions on the bells and their frame 
documents the existence of an elabo
rate theory of music that specified the 
design, scales and instrumentation of 
ancient orchestras. This record and re
cent investigations of the chime itself 
have prompted a complete rewriting 
of the history of acoustics. 

The ancient inscriptions confirmed 
what modern scholars were only be
ginning to suspect: that the bells were 
constructed in such a way that each 
could produce two separate pitches. 
This property sets the Chinese chime 
bells apart from Western church bells, 
which are known for their single, lin
gering tones; unlike church bells, the 
chime bells could perform complex, 
rapidly metered music. For reasons 
that are not clear, the principles and 
practices surrounding the unique bell 
design were never passed down. Con
sequently the way to play chime bells 
remained a mystery for more than 
2,000 years. 

The bells incorporate many unusual 
features whose sophistication and pre
cision can be appreciated only in the 
light of the dual-pitch design. Since the 
chime was discovered, studies of vi
brational properties and tuning meth
ods have revealed the depth of under
standing possessed by Chinese metal
lurgists and musicians. The design of 
the bells requires a theoretical grasp 
of physics and engineering formerly 
thought to have evolved only in the 
late 18th century. Indeed, the acous
tical principles exploited in the Chi
nese bronze bells have astonished even 
20th-century acousticians. 
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by Sinyan Shen 

The study of acoustics in the West
ern world is relatively young. In 1787 
a German physicist named Ernst F. 
Chladni sprinkled sand on vibrating 
plates to show that some regions of 
the plates remained stationary during 
vibration. These motionless regions 
were termed nodal lines; their distri
bution describes the modes a vibrating 
body assumes. Each so-called normal 
mode is associated with a character
istic frequency of vibration, and the 
frequency of vibration determines the 
perceived pitch. 

Vibrating bodies move in many dif
ferent modes simultaneously and 

generate many different frequency 
components called partials. The par
tial with the lowest frequency is called 
the fundamental; there are many high
er frequencies called overtones. When 
a bell is struck or a string is plucked, all 
these frequencies come into play, but 
some are stronger (louder) than others. 
The relative strength of partials in a 
musical sound constitutes its tonal 
quality, just as a combination of wave
lengths determines the color of light. 

In 1890 Lord Rayleigh studied the 
bells in the tower of his church in Ter
ling, England, and performed exper
iments on several bells in his labo
ratory. He identified six partials in 
the bells. Rayleigh, who laid the foun
dation for subsequent work on bell 
acoustics, thought that a bell could 
produce just one fundamental pitch. 
Since his experience was confined to 
Western bells, he could not have fore
seen the lesson that Chinese bells thou
sands of years old would teach. 

About 80 years ago single chime 
bells began to appear among other 
archaeological finds in China. Later 
sets and entire ensembles of the bells 
turned up; today thousands of bells 
and more than 50 chimes have been re
covered. Although the bells were thor
oughly scrutinized, investigators did 
not recognize the dual-pitch potential 

until 1977. Some doubts persisted un
til the 1978 discovery of the chime in 
Hubei Province. 

There were earlier clues that had es
caped notice. While studying the 

Jing-Ii bell chime, which had been un-

BELL CHIME of Zenghou Vi, ruler of a 
fifth-century H.C. Chinese principality, is 
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earthed in Henan Province in 1957, in
vestigators at the National Music Re
search Institute played "The East Is 
Red" using pitches obtained by strik
ing the bells at their center. An #Es 
was missing. Anxious to complete the 
piece, the team found the note by strik
ing a #Cs bell on its side. Their success 
was regarded as accidental. 

In 1977 Huang Xiang-peng, Lu Ji, 
Wang Xiang, Gu Bo-bao and their col
leagues at the institute examined a bell 
chime discovered in Shanxi Province 
and found that every bell, when struck 
on a side, produced a pitch higher than 
the one sounded from the center. The 
interval between the pitches was al
ways a minor or major third, a dif
ference in frequency equivalent to 
that between four or five consecutive 
keys on a piano. The team's obser
vation sparked animated discussions 
about whether the phenomenon was 
accidental or deliberate, and whether 
the second pitch was a fundamental 
or an overtone. 

The investigators then studied more 
than 200 bells from the Shang (l6th to 
lIth centuries B.C.) and Zhou (lIth 
century to 221 B.C.) periods, spanning 
the historical lifetime of the chimes. 
They concluded that the bells were de
liberately constructed to produce two 
pitches. In one chime the side striking 
positions were decorated with glyphs 
of the phoenix, a practice presumably 
linked to ancient legends in which the 
singing of the phoenix connotes music. 

When, a year later, the magnificent 
65-bell chime was found in Hubei 
Province, the researchers' conclusion 
was borne out. The chime had been in
terred in the tomb of Zenghou Yi, mar
quis of an ancient principality known 
as Zeng. It was part of two large or
chestras also preserved in the mar
quis's tomb. The bronze zhong bells, 
which combined make up a type of 
chime called bian-zhong, were intact 
and almost perfectly tuned. The musi
cal treasures of Marquis Yi confirmed 
the dual-pitch design of chime bells 

through detailed records inscribed on 
the bells themselves. 

Because chime bells are intended to 
perform music in the company of 

orchestras, their desirable qualities are 
somewhat different from those of a 
ceremonial bell or a church bell. Each 
member of the chime should have a 
broad dynamic range and, to allow the 
performance of complex melodies, its 
tones must please the ear and attenu
ate quickly, without a prolonged echo. 

The geometric configuration of the 
chime bells is crucial to their achieving 
these acoustical properties. The zhong 
bell has an asymmetrical construction. 
Unlike the church bell, which is circu
lar in cross section, a zhong bell is ob
late: its horizontal cross section is a 
flattened oval. The lip of the bell does 
not lie on a plane but arches upward in 
the front and back, then downward 
into hornlike feet on the left and right 
sides. The front and back faces meet at 
a ridge called the xian. Covering four 

the most impressive set of zhol/g bells found to date. The chime 
consists of three tiers of bells mounted on an L-shaped frame. Ex-

haustive acoustical studies have shown how unique structural fea
tures enable each bell to sound two pristine fundamental pitches. 
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MAP OF BELL-CHIME DISCOVERY in China includes only the eastern and south
western provinces because all the chimes were found there. More than 50 sets of bells 

have been unearthed since 1900. A circle marks the origin of Zenghou Yi's collection. 

_YONG 

ZHENG 

ZHONG BELL FEATURES are intimately related to the tonal quality and performance 
of the bell, shown here in front (left) and side views. The bell can produce two pitches 
because its cross section is asymmetrical; the tones are refined by bronze mei nipples. 

Some bells also carry inscriptions that indicate exact striking positions for each pitch. 
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regions of the upper bell body are 36 
bronze nipples known as mei. 

In a bian-zhong chime each zhong 
bell is suspended by a collar called the 
xuan from a hook mounted on the 
beam of the chime frame. The clap
perless bells are arranged in tiers and 
played with different kinds of strikers. 
Usually bells of the high and mid
dle registers are hung at or above eye 
level; the performers use hammerlike 
mallets. Bells of the low register are 
hung in the bottom row and are played 
using rods wielded in a near-horizontal 
trajectory. 

A bell chime consisting of several 
dozen bells requires from five to sev
en performers. Performers of different 
registers stand on opposite sides of the 
chime. The bell mouth hangs down
ward at an angle of about 30 degrees 
from the vertical, balanced by a long, 
heavy nose called a yong that tilts to
ward the back so that the side to be 
played faces the performer. Depend
ing on their pitch, the zhong bells range 
from a few inches to several feet in 
height: these last are relatively large 
instruments by modern standards. 

The two fundamental pitches that 
give the bells their notoriety arise 

from two distinct regions on the bell 
face. One pitch comes from the lower 
center of the bell, a position called sui, 
and the other from the areas to the left 
and right of the sui, called the gu posi
tions. The term sui is said to mean 
"mirror" and probably refers to the 
similarity between the curve of the 
bell lip and the concave burning mir
ror used at the time to start fires. Gu 
means "drum" or "music-producing." 
Because of a strong cultural emphasis 
on right-handedness, the right gu was 
played much more often than the left. 

When played in a set, dual-pitch 
bells allow efficient performance and 
red uce the overall size of the bell 
chime. The design of Western bells is 
not nearly as practical. The "strike" 
tone of a Western round bell (the pitch 
heard by a listener) is not the "hum," 
or fundamental tone, but the note an 
octave above the hum tone. For in
stance, a modern American bell with a 
fundamental pitch of middle C (C4 at 
256 cycles per second) has a perceived 
pitch of Cs (512 cycles per second). It 
weighs 800 pounds. According to the 
approximate rule that the pitch of a 
round bell is inversely proportional to 
the cubic root of its mass, a decrease in 
frequency by a factor of two would re
quire eight times the original mass. An 
American bell with a middle-C strike 
tone would therefore weigh more than 
three tons-nearly 1,000 pounds more 
than all the bells and racks in the 
Zenghou Yi chime combined. 
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ACOUSTICAL ANALYSIS revealed the precision of the zhong 
design. Zhou engineers learned to manipulate the overtones in the 
bell's "voice" as well as the two fundamentals. Wang Xiang (seat· 

ed) and Huang Xiang-peng of China's National Music Research 

Institute are shown here determining the pitches of Zenghou Yi's 
chime. In spite of their age, the bells were almost perfectly tuned. 

The inability to produce a bell that 
can sound its acoustical fundamental, 
then, has had serious implications for 
the material requirements and casting 
constraints of bell manufacture. Yet 
the church-bell design is the result of 
centuries of careful experimentation. 
The Chinese design, the result of thou
sands of years of labor, was lost after 
the Han period (206 B.C. to A.D. 220). 
What acoustical secrets does it em
body that eluded Western designers? 

Abell is a very complex acoustical 
body. Its partials cannot be ex

pressed as simple arithmetic ratios, 
in contrast to the completely elastic 
string or a vibrating air column whose 
freq uencies correspond to the ratio 
1 : 2 : 3 : 4 : 5 : 6 and so on. Both the ob
late zhong bell and the round church 
bell are special adaptations of the 
acoustical system known as vibrating 
plates. For plates and bells alike, in
creasing the thickness and elasticity of 
the vibrating material increases vibra
tion frequency, whereas increasing di
ameter and density decreases the vi
bration freq uency. 

Mary D. Waller of the London 
School of Medicine for Women stud
ied the normal modes of vibrating cir
cular plates and published her results 
in 1937. Her nodal figures consist ba
sically of radii (designated m) distrib-

uted symmetrically around the plate's 
center, and circles (designated n) con
centric with the perimeter of the plate. 
The simplest mode, the one corre
sponding to the fundamental tone, 
exhibits four nodal lines that divide 
the plate into four vibrating sections 
shaped like pieces of pie. Adjacent seg
ments are always moving in opposite 
directions at any given instant. The 
next mode, which generates a frequen
cy 1.7 times that of the fundamental, 
has only one nodal circle, which delin
eates an inner circular segment and an 
outer ring. Other modes arise from ad
ditional combinations of radii and cir
cles, creating a rich interplay of partial 
freq uencies. 

Acoustically, a round bell behaves 
like a plate stretched into a flared bell 
shape and suspended at the center. The 
normal modes of a round bell, viewed 
from above, are quite similar to the 
patterns seen on circular plates. Vibra
tional motion is most intense at the 
rim. When the bell is given a blow, the 
struck side is forced inward and adja
cent regions are pushed outward. The 
rim then passes through its initial cir
cular shape to form another elongated 
circle at a right angle to the first. 

In the course of these vibrations cer
tain parts of the b(lll remain relatively 
still compared with others, namely the 
points at which the different circular 

distortions intersect. These points rep
resent the nodal lines of the bell, called 
nodal meridians. They are not nodes 
in the strict sense, however, because 
the intersections are not exact, and so 
some motion continues to occur in the 
plane of the surface. This motion is 
what makes a glass goblet ring when 
one rubs a wet finger around the rim. 

Nodal meridians on a round bell are 
spaced evenly, as are the nodal radii 
of a plate. Because of this symmetry, 
a clapper can be used with a round 
bell, since striking any point on the rim 
produces the same vibrational effects. 
The meridians of the asymmetrical 
zhong bell, on the other hand, are not 
evenly distributed. The consequence 
of this asymmetry is that, for any given 
number of nodal lines, more than one 
spatial arrangement is possible. 

Indeed, the zhong bell has two well
defined sets of modes that can be se
lectively activated by striking differ
ent positions on the bell: the sui and 
gu positions. Although at the two fun
damental pitches the modes have the 
same number of nodal lines (m = 4 
and n = 0), the placement of the lines 
is indeed different, so that the fre
quencies generated are different. This 
"degeneracy" of vibrational modes ac
counts for the chime bells' extraordi
nary acoustical properties. In general 
the gu mode produces higher frequen-
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PARTIAL FREQUENCIES, which make up the tonal quality of a sound, result from the 

different modes of a vibrating body. The lowest frequency is called the fundamental; other 
frequencies are overtones. When a taut string is plucked (top), it produces partials that 
are whole-number multiples of the fundamental frequency f. A vibrating plate (bottom), 

however, gives rise to partials that cannot be related by simple arithmetic ratios. Instead 
frequencies depend on the combination of nodal radii (m) and nodal circles (n): regions of 
the plate that remain still during vibration. Red and white represent movement in oppo
site directions. A bell, whether it is round or oblate, is a special kind of vibrating plate. 
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cies than the sui mode, but the two are 
not mutually exclusive: they share cer
tain high-frequency partials that issue 
from the more complex modes. 

The ancient Chinese refined their 
dual-pitch design to make the two 

sets of modes distinct in acoustical 
character yet comparable in musical 
function. They worked to separate the 
two pitches of each bell by excluding 
common qualities. For instance, when 
the sui position is struck, the faces and 
sides of the bell experience the greatest 
movement and the gu areas in between 
represent the silent, motionless nodes. 
The sui areas become nodes when the 
bell receives a blow at the gu position. 
Hence each striking position falls at 
the point that is least disturbed when 
the other position is struck, which is 
also the area least involved in produc
ing the alternate tone. 

In order to locate so precisely the 
nodal meridians of the two fundamen
tal modes, the ancient Chinese must 
have possessed a theoretical grasp of 
the physics of music far beyond his
torians' initial estimates. Given such 
an understanding, it would be fairly 
straightforward, although not easy, 
to find the strike positions that isolate 
the fundamentals. To achieve the best 
resolution between pitches, howev
er, overtones as well as fundamentals 
should be separated. Nodal meridians 
for the important gu overtone modes 
converge naturally at the sui strike po
sition; therefore they do not contrib
ute to the sui tone. The meridians of 
sui overtone modes, however, do not 
congregate at the gu position, so that 
traces of sui partials could interfere 
when the gu tone is struck. Herein lies 
the rationale for the arched lip of the 
zhong bell. 

When we examined the two sets of 
normal modes, we found that the arch 
in the bell lip, by changing the shape of 
the vibrating "plate," also alters the 
nodal patterns of the most important 
sui overtones. Because of the arched 
lip, the sui overtone meridians con
verge at the point designated, not co
incidentally, as the gu strike position. 
It is typically three-fifths of the way 
from the sui position to the xian ridge. 
The striking position is so critical to 
obtaining the proper pitch and tone 
quality that the ancients made inscrip
tions on the bells to indicate sui and gu 
placement unequivocally. Neither the 
concave rim design nor the precision 
in identifying the convergence of nod
al lines could have been accidental. 

The mei nipples clustered at the top 
of all but the highest-register bells are 
also more than ornamental. They help 
to balance the strength of the two fun
damentals so that their volumes are 
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comparable. More important, the mei 
act as another device to separate the 
two bell tones. Recent laboratory stud
ies have found that the nipples change 
the complete overtone structures, or 
freq uency spectra, of sui and gu tones. 
The mei provide extra weight around 
the bell shoulders, altering nodal pat
terns in the upper part of the bell. Ac
cordingly they are most pronounced 
on large bells. Without the mei, the sui 

and gu fundamentals are easily distin
guished, but they have certain high
frequency overtones in common. With 
the nipples, overtone frequencies shift 
so that little overlap between the two 
sets of partials occurs. 

The interval between the two pitches 
on a zhong bell is selected by cast

ing and tuning. The choice of the inter
val is arbitrary, but it should suit the 

m = 4 

melodic progression of the composi
tions it will perform. In addition the 
interval should not be a discord since, 
in spite of the efforts of the designers, 
traces of the secondary tone may per
sist after the primary tone has died 
down. Zhou engineers tuned their bells 
so that the intervals of the overtones, 
as well as those of the fundamentals, 
were harmonic. The second partial of 
the gu tone, for example, is always an 

m =6 

MOTION AT THE RIM when a bell has been struck illustrates 
the distribution of nodal lines for a round bell (top) and for the 
two pitches of a Chinese zhong bell, called sui (middle) and gu 
(bottom). Gray indicates resting positions; lines show changes in 
the bell's shape after it has been struck. Modes in which m is 
equal to 4 and 6 are represented. At these modes the nodal radii of 
a round bell are evenly spaced; hence only one pattern of distribu-

tion is possible. Because a chime bell is oblate, however, a given 

number of nodal lines can be arranged many different ways, and 
different nodal patterns give rise to different pitches. As is shown 
here, the pattern of nodal radii is determined by the point at 
which the bell is struck. Chinese designers managed to maximize 
the separation between the two zhong pitches by having the nod
al lines of one pitch serve as the striking position for the other. 
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m = 4, n = 0 m = 4, n = 1 

• 

• 

NODAL PATTERNS for the sui (top) and gu (bottom) pitches 
describe the modes of the fundamentals and the most conspicu· 
ous overtones. Top·view renderings above each bell recall the vi· 
brating'plate system for enumerating radii and circles. Horizontal 
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m = 6, n = 0 m = 6, n = 1 

lines count as circles even when they do not encircle the bell, but 
near the bell shoulders they do not contribute to the bell's sound 
and so are not counted. As the top illustration on page 110 shows, 
the sui tone has two dominant overtones and the gu tone three. 
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octave plus a major or minor third 
above the sui tone; the partials of a 
zhong bell with a minor third separat
ing its two pitches are in the ratio 
1: 1.2: 2.4: 2.81: 3 and those of a bell 
with an interval of a major third are 
1: 1.25: 2.5: 2.81: 3. 

When bell-chime intervals from sev
eral periods are compared, a historical 
trend toward the major- and minor
third intervals represented in Marquis 
Yi's bell collection becomes apparent. 
Lacking examples of ancient music, 
one can only assume that this prefer
ence matches a taste for major and mi
nor thirds in the musical composition 
of the time. In Europe these intervals 
were not recognized as harmonic until 
the 12th century. 

When Marquis Yi's bian-zhong was 
found, its bells were almost perfectly 
tuned in spite of their prolonged buri
al. A second set of 36 bells discovered 
in the same principality of Zeng in 
1981 were even better tuned. Ordinari
ly a vibrating plate is tuned by the ad
dition or removal of material, but with 
this method it would seem impossible 
to tune one bell pitch without alter
ing the other, since both are contained 
on one continuous body. How did the 
Chinese tune two pitches on a single 
zhong bell? 

Again the ancients made use of their 
remarkable expertise in pinpointing 
nodal lines. They could tune just one 
pitch by paring bronze off a bell's in
ner surface if, in paring, they �arefully 
followed the nodal lines of the other. 
Hence tuning the sui pitch entailed re
moving metal from the gu nodal lines, 
and vice versa. At the same time, many 
bells were cast so accurately that they 
required no modification. 

The methodology of bronze casting 
with pottery sectional molds was ful
ly developed in ancient China. Even 
so, manufacturing a low-register zhong 
bell presented quite a formidable task. 
Large, complicated objects were of
ten made by casting separate parts, 
then uniting the components in a final 
mold. But the bronze chime bell, no 
matter how large, was always cast as a 
single piece. 

I n the modern world the closest 
approximation of a Chinese bell 

chime is the carillon. A carillon con
sists of a group of bells carefully se
lected to yield equal-tempered chro
matic intervals. The bells are played 
from a keyboard. Because some of the 
partials are in discord, only a limited 
number of chords are within the caril
lon's scope, and ordinarily only a sin
gle melody is played. Considerable 
knowledge and skill are needed to ren
der satisfactory effects; even expen
sive installations can give disappoint-

NODAL' LINE CONVERGENCE for the 
three dominant partials of the sui tone is 
an important consequence of the chime· 
bell design. If the perimeter of the bell 
were flat, sui nodes would never intersect; 
hence a blow to any part of the bell would 
excite at least one sui tone. The arched lip 

of the zhong bell, however, rearranges nod
al lines so that they congregate at the gu 
position (circle). This convergence helps to 
clear the gu tone of "muddy" sui echoes. 

ing performances. If the carillon is the 
best that modernity has to offer, one 
might wonder how the Chinese arrived 
at the bian-zhong design so long ago. 

Since ancient times Chinese musi
cians have been sensitive to subtle dif
ferences in tonal quality. This sensitiv
ity is manifested in many of their in
struments. For example, I once asked a 
Chinese wind player about the design 
rationale of the shuang-guan, an oboe 
consisting of two apparently identical 
cylindrical oboes. He replied, "No two 
reeded tubes have the same tonal spec
trum. With two tubes on the shuang

guan, the player has control over a 
broader range of tonality and can be 
more selective of the timbre." 

Perhaps this heightened sensivity to 
tonal structure led the ancient Chinese 
to experiment with a slightly elliptical 
bell design, which gives rise to a fuller 
set of vibrational modes and a broad
er range of overtone possibilities. Ling 
bells, relics of the early Shang period, 
were oblate but still had clappers and 
produced only one tone; their musical 
character can be inferred from the fact 
that they were used as bells for dogs 
and cows. 

In subsequent efforts the Chinese 

may have struggled with oblate bells 
that sounded two distinctly different 
pitches but produced only awkward or 
muddy tones. The large, oblate zheng 
hand bell, which predates the chime 
bell by hundreds of years, exempli
fies this stage of development. Indeed, 

LASER HOLOGRAMS capture the fundamental modes of vibration for the sui (left) and 
gu (right) pitches. Wide white areas represent nodes; the dark lines are areas of intense 
movement. The complementary convergence of nodal lines is apparent. These images reo 
sult from the differential reflection of light by moving and stationary surfaces of the bell. 
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GRAPHS OF PARTIAL FREQUENCIES emphasize the impor
tance of the mei nipples in separating the sui (blue) and gu (red) 
tones. The frequencies generated by bells without mei (left) are 
almost identical for the two positions. Only the fundamentals are 

noticeably different. When nipples are added (right), nodal pat-

terns in the upper part of the bell are rearranged, changing some 
frequencies and eliminating others. Almost all traces of gu tones 
disappear from the sui profile, and only hints of sui partials re
main in the gil tone. Mei nipples also serve to increase the volume 
of the gil fundamental so that it matches the volume of the slli. 

zheng bells lend their name to the up
per half of the zhong bell, and the yang 
nose that holds the zhong at a 30-de
gree tilt is derived from the zheng han
dle. The clapperless zheng bell, how
ever, has a muddy gu tone because 
its flattened mouth does not force the 
convergence of sui nodal lines. 

With modification of the bell's sur
face, cross section and thickness, the 
two pitches were brought into a well
defined harmonic relation and their 
individual tones were sharpened; even
tually the sophisticated zhong design 

LING ZHENG 

emerged. Contemporaries of the zhong 
bells include the niu-zhong, which is 
also dual-pitch, and the ceremonial bo, 
which lacks the musical agility of the 
zhong. Both these bells are played In 
the vertical position. 

The art of music has a long and dis
tinguished history that parallels 

the rise of human civilization. The 
principles embodied in the Zenghou Yi 
bell chime suggest that the science of 
music may have a history almost as 
long, and just as distinguished. China 

YaNG-ZHONG 

in the Shang and Zhou periods pos
sessed a level of acoustical science that 
was essential in supporting the elabo
rate musical art of those periods. Phys
ics and engineering worked hand in 
hand to perfect wind, string and per
cussion instruments and to arrive at 
orchestration. These are accomplish
ments that have modern counterparts. 
In contrast, the overall design of a 
large set of dual-pitch bells for the per
formance of music is an achievement 
that has no equal in the modern phys
ics of music. 

NIU-ZHONG 80 

BELL ANCESTRY suggests the route the ancient Chinese fol
lowed to arrive at the zhong design. The ling, oldest of the five 
bells drawn here, goes back more than 3,600 years. It had a clap
per and produced just one unremarkable note. The zheng handbell 
is an early example of the dual-pitch design; it was used by Chi-

nese soldiers, who carried it mouth up. The n i u-zhong also pro
duces two pitches, but it lacks the clarity of the popular yang
zhong at low registers. Nill-zhong are visible in the top tier of the 
chime on page 105. Another zhong contemporary, the bo, served 
as a monotone ceremonial bell. 'The bells are not drawn to scale. 
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SCIENCE/SCOPE® 

The world 's fastest digital integrated circuit, a gallium arsenide (GaAs) chip that runs at a clock rate of 
18 gigahertz (GHz) , or 18 billion cycles per second has been built by Hughes Aircraft Company 
scientists. The ultra high-speed circuit operates as a divide-by-two frequency counter and is five times 
faster than currently available GaAs integrated circuits and ten times faster than commercial silicon 
circuits. Fastest frequency reported previously for static frequency dividers was 13 GHz for a 
laboratory device requiring cryogenic temperatures; the Hughes circuit operates at room temperature. 
Operation of digital circuits at multi-GHz frequencies opens new areas of digital communications and 
signal processing, promising better noise immunity, a wider range of functions, and less complexity 
than their analog counterparts. Applications are foreseen in fiber optic communication links, 
supercomputers, advanced radars, and satellite communications. 

Ships at sea will be able to determine their positions via satellite. A maritime navigational system is 
one of the new services proposed for the existing system of Marisat satellites, launched in 1976. For the 
past 4 years, the trio of Marisats has been providing telecommunications services for the International 
Maritime Satellite Organization (INMARSAT), a cooperative of 47 countries that operate a worldwide 
system for maritime communications. Leases with INMARSAT have been renewed for three years by 
Comsat General Corporation, owner of the satellites, enabling the Hughes-built satellites to continue 
providing communications services to the military, shipping, and offshore industries. 

A unigue computerized visual system helps military forces simulate battlefield terrain. The system 
provides unusual realism and flexibility to help with a wide range of training and mission planning 
requirements. It can generate lifelike three-dimensional scenes from a computer database created with 
aerial photography. Pilots can use the system for nap-of-the-earth flight training, even to the point of 
seeing simulated radar and infrared displays. The Hughes system also can be used for intelligence 
analysis and team tactics training. 

A night vision system for helicopters significantly reduces pilot workload by eliminating wasted 
movements, simplifying controls, and providing excellent video images and object detection in reduced 
visibility. The Hughes Night Vision System (HNVS) is a low-cost, forward-looking infrared (FUR) 
system that provides a pilot with automatic tracking and digital video processing. It superimposes FUR 
video, flight symbology, and navigational data on a single display, which can be mounted on the flight 
panel or in a helmet visor. The helmet visor display projects a FUR image onto a biocular holographic 
combiner on a see-through visor. A helmet linkage, which moves the FUR as the pilot's head moves, 
reduces the pilot's workload further and improves flight safety. 

Hughes Missile Systems Group, in Canoga Park, California, an attractive suburb of Los Angeles, is 
advancing every phase of research, development, and manufacturing technology as it applies to tactical 
guided missile systems and strategic defense. Opportunities for engineers and scientists are in analogi 
digital circuit design, software engineering; high-voltage power supply design; microwave process, 
transmitter and radome design; electro-optical design; IR imaging sensors; focal plane arrays; quality 
assurance engineering; operations analysis; mechanical engineering; and production design and 
systems engineering. Send resume to Hughes Missile Systems, Engineering Employment, Dept. S2, 
8433 Fallbrook Ave., Canoga Park, CA 91304. Equal opportunity employer. U.S. citizenship required. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 
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Subsidiary of GM Hughes Electronics 

© 1987 SCIENTIFIC AMERICAN, INC



The First Technology 

A young archaeologist re-creates a prehistoric flaked-stone 

technology in order to understand how our ancestors made 

and used early stone tools more than two million years ago 

H
uman beings are not the only 

animals that use tools. A vari
ety of mammalian and non

mammalian species employ materials 
such as stones or twigs in obtaining 
food or in other activities. Our nearest 
relatives, the chimpanzees, occasional
ly modify raw materials to shape sim
ple implements for collecting edible 
insects and water and for grooming. 
What is more, the behavior is learned: 
young chimpanzees become proficient 
by imitating their elders. Yet even 
among chimpanzees the use of tools 
does not appear to be indispensable, 
whereas among modern human beings 
it is essential for survival. Few people 
could survive in the wild without im
plements of some kind. How did this 
come to be? 

The answer lies between two and 
three million years ago in our African 
past. At some time in that span our 
ancestors embarked on a way of life 
that included a critical new element 
never observed in any other species: 
the manufacture of tools by means of 
a flaked-stone technology. This new 
technology seems to have developed 
in association with critical changes in 
diet and in biological form. How the 
early stone tools fitted into the life
ways of their makers is not altogeth
er clear. Traditional studies have been 
hampered by a lack of comparative 
information, because early hominids 
(representatives of the family that in
cludes modern human beings) were 
neither exactly like modern humans 
nor like chimpanzees or baboons. 

Partly to overcome this lack, some 
archaeologists have begun to try to put 
themselves in the place of early homi
nids to see how the first tools might 
have been made and employed. At a 
site called Koobi Fora in northern 
Kenya, where the oldest archaeologi
cal remains are 1.9 million years old, I 
did a series of replicative and function
al experiments in which I made and 
used the earliest types of tools. The re-
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by Nicholas Toth 

suits of such "experimental archaeolo
gy" are intriguing. My research sug
gests that the earliest stone technology 
placed great emphasis on stone flakes 
and not solely on the flaked core, or 
parent rock, as has traditionally been 
thought. It also offers evidence that by 
about two million years ago our ances
tors had become right-handed, a find
ing that has important implications for 
the development of the human brain. 

Experimental archaeology has a long 
although somewhat erratic his

tory. Beginning in the 19th century a 
number of antiquarians attempted to 
flake stone in order to find out how 
stone tools had originally been made. 
Some of the most enterprising "exper
imental archaeologists" of the past 
century, however, were forgers, who 
made stone tools in order to sell them 
(a practice that tended to give such ex
perimentation a bad name). In general 
neither the legitimate nor the illegiti
mate efforts were particularly system
atic, and with a few exceptions the idea 
of in-depth functional experiments in 
archaeology lay fallow until the sec
ond half of the 20th century. At that 
time pioneer scholars of African pre
history such as J. Desmond Clark of 
the University of California at Berke
ley and Louis Leakey began to put the 
experimental approach to early stone 
tools on a more rigorous, problem-ori
ented footing. 

Yet much of the recent work only 

AUTHOR BUTCHERS ELEPHANT with 

stone tools he made himself; an associate 

loads the meat for weighing. (The large Af
rican elephant died of natural causes; none 
of the animals employed in the author's re
search were killed for experimental pur
poses.) The combination of stone flakes 

and larger implements employed to butch
er the elephant is characteristic of the ear

liest stone-tool technologies, which devel

oped in Africa about 2.5 million years ago. 

skimmed the surface of what seemed 
possible using the experimental ap
proach. Most experiments concentrat
ed on, say, the manufacture of a single 
type of tool to find out how it was 
done; many of these tools were rela
tively sophisticated compared with the 
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earliest types. Alternatively, Clark and 
others gave prehistoric tools to con
temporary African hunter-gatherers in 
an attempt to find out how the ancient 
specimens might have been employed 
originally. In contrast to these ap
proaches, I wanted to make and use 
the entire range of artifacts from the 
early stages of technology. In that way 
I hoped to reconstruct not just a single 
technique but, insofar as possible, the 
entire universe of technical possibili
ties available to our early ancestors. 

Koobi Fora proved to be an excel
lent place for such an approach. This 
area, which lies on the northeast side 
of Lake Turkana in northern Kenya, 
was the site of a research program 
headed by the late Glynn Isaac, then at 
the University of California at Berke
ley, and Richard E. F. Leakey of the 
National Museums of Kenya. Under 
their joint direction an international 
team of scientists, including paleon
tologists, anatomists, geologists, geo
chemists and archaeologists, had been 

carrying out an integrated program of 
research since 1969. In a project di
rected by Isaac and by John W. Har
ris of the University of Wisconsin at 
Milwaukee, the prehistoric sites in the 
Koobi Fora area had been excavat
ed by means of modern techniques, 
resulting in excellent recovery of all 
archaeological materials [see "The 
Food-sharing Behavior of Protohu
man Hominids," by Glynn Isaac; SCI
ENTIFIC AMERICAN, April, 1978]. 

There was much to be learned from 
this trove of material, because Koobi 
Fora includes 20 excavated sites from 
the early Stone Age, ranging in age 
from about 1.4 to 1.9 million years. 
Those sites are found in a wide variety 
of geographic and sedimentary con
texts, providing much comparative in
formation. In addition, all the types of 
rock utilized in prehistory for mak
ing stone tools are still accessible in 
modern stream beds, and so they 
were available for my experiments. 
The chief material available to early 

hominids was a medium-grained lava; 
other rock types that were less com
monly used included chert, quartz and 
ignimbrite (a volcanic rock that is 
formed from hot ash flows). 

The Koobi Fora sites are today sit
uated in the midst of a semiarid bad
land bounded by volcanic highlands 
on the east and Lake Turkana on the 
west. Between some 1.4 and 1.9 mil
lion years ago, however, the area was 
quite different in an ecological sense. 
For one thing, it was considerably 
richer. The plain was covered by a sa
vanna grassland. Along the streams 
that flowed down from the highlands 
toward the forerunner of Lake Turka
na were gallery forests: thin strips of 
green running parallel to the stream 
bed on each side. The landscape was 
populated by such animals as ancient 
forms of elephant, rhinoceros, hippo
potamus, buffalo, giraffe, zebra, wil
debeest, lion, leopard, crocodile, hye
na, warthog and porcupine, as well 
as a range of antelopes, large saber-
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BRAIN EXPANSION accompanied the emergence of technology; there may well have 
been feedback between the processes. For more than a million years, while stone tools 
arose, there were two hominid lineages. One lineage-the later australopithecines, among 

them Australopitheclls boisei-probably had a tough vegetable diet. A larger-brained lin
eage, probably with a diet of higher quality, included an ancestor of human beings: Homo 
habilis. The first stone technology, the Oldowan, included tools made from cobbles. Be
ginning about 1.5 million years ago a new technological mode, the Acheulean, appeared. 
Many Acheulean tools were made from large flakes, some more than 20 centimeters long. 
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toothed cats and primates such as ba
boons and colobus monkeys. 

The hominid fossils of the area sug
gest that there were two different 

hominid forms in the same landscape. 
Both species were experiments in bi
pedal locomotion (walking upright on 
the hind limbs) among apes. The first 
was a robust (large-muscled), small
brained form known as Australopithe
cus boisei. The later australopithecines, 
the group that includes boisei and 
related small-brained hominids, are 
thought to have been specialized for 
eating a diet of relatively tough vege
table foods-as is suggested by their 
large cheek teeth and jaw muscles, 
along with patterns of tooth wear. 

The other bipedal ape, known as 
Homo habilis, was in all probability 
the direct ancestor of human beings. 
H. habilis was, compared with its aus
tralopithecine cousins, more slender 
(gracile is the technical term) and larg
er-brained. Roughly 1.6 million years 
ago this species appears to have giv
en rise to a descendant called Homo 
erectus, which was the immediate pred
ecessor of Homo sapiens. Anatomi
cal features suggest both early Homo 
forms were dietary generalists, proba
bly eating a wider range of foodstuffs 
than the australopithecines, including 
a fairly high proportion of nutrient
rich foods such as animal products. 

For about a million years, until ap
proximately 1.2 million years ago, the 
australopithecines lived in the same 
African landscape as the Homo lin
eage. (Indeed, their remains are some
times found at the same sites.) The pe
riod of their coexistence is, from the 
point of view of technology and evolu
tionary adaptation, a critical one. The 
earliest reliably dated tools, about 2.4 
million years old, have been found 
in the Omo Valley in Ethiopia. At the 
Omo sites archaeologists have found 
fragments of quartz pebbles and other 
rocks that were deliberately shattered. 
Unfortunately no animal bones were 
preserved with these tools, and so the 
uses they served are not known. 

At sites such as Koobi Fora and 01-
duvai Gorge in Tanzania the deficien
cy is remedied. These sites have yield
ed not only simple stone artifacts as 
old as 1.8 to 1.9 million years but also 
well-preserved fossilized bone. The 
technology of this period is generally 
referred to as Oldowan, in reference 
to the Tanzanian site, where such arti
facts were first described by Louis and 
Mary Leakey. Most of the Oldowan 
implements are lava cobbles or quartz 
and quartzite blocks that have been 
struck with a cobble hammer, result
ing in a core and flakes or fragments. 
Sometimes the flakes were retouched 
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or even made into cores themselves. 
After about 1.5 million years ago 

a new technology was added to the 
Oldowan repertory. This technology is 
known as the Acheulean. Its hallmark 
is that the raw material for the imple
ment was often not a small river cob
ble but a large flake struck from a 
boulder. Such flakes, some more than 
20 centimeters long, offered excellent 
material for making the large bifacial 
forms that scholars of prehistory call 
picks, hand axes or cleavers. 

1 

FLAKE SCAR 

3 

Since the Homo lineage and the aus
tralopithecines were both present for 
much of this technological develop
ment, it is not yet possible to demon
strate conclusively who made the ma
jority of early stone tools. Circumstan
tial evidence seems to point to Homo as 
the main toolmaker, however. Stone 
tools are not directly associated with 
the australopithecines that lived be
fore the emergence of the genus Homo, 
and stone-tool manufacture continued 
to flourish after the Austra!opithecus 

2 

4 

/ 

/ 

line became extinct, by about a million 
years ago. Furthermore, when homi
nid fossils and stone artifacts are both 
present in the same level, at least some 
of the hominids tend to be Homo. Fi
nally, the representatives of the genus 
Homo were larger-brained and there
fore perhaps more likely to have been 
the habitual toolmakers. 

I set out to understand the nature of 
early stone technologies by means 

of a holistic experimental approach. In 

STRIKING STRIKING 
PLATFORM POINT 

\ / . ', .': . 
. , 
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BIFACIAL FLAKING was one of the chief methods employed 

by early toolmakers. It was generally carried out by means of the 
technique called hard-hammer percussion. A stone serving as a 

hammer was held in one hand and the core, or rock to be flaked, 

was held in the other (1). After a flake had been struck off, the 

core was turned so that the flake scar (here numbered to match 
the flake) could serve as a platform for striking off the next flake 

(2). For effective flaking the angle between the striking platform 
and the core's outer surface must be less than 90 degrees (inset). 
Striking off more flakes (3, 4) yields a core with a bifacial edge. 
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OLDOWAN-STYLE TOOLS were made by the author, who has 
replicated the entire range of Oldowan core forms, along with a 
variety of flakes. In traditional terminology the core forms in the 
upper row would be called (left to right) hammers tone, unifacial 

ACHEULEAN-STYLE TOOLS, made by the author, include an 
ovate hand ax, a pointed hand ax, a cleaver a- d a pick (upper row). 
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chopper, bifacial chopper, polyhedron, core scraper and discoid. 
In the bottom row are a flake scraper (left) and six unretouched 

flakes. The author concludes that simple flakes may have been 
just as important in early stone technology as the core forms. 

Below are a spheroid, a flake scraper and three flakes. The author 

found Acheulean tools very effective for butchering larger animals. 
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my work, stone technology was stud
ied as a system, one that included sev
eral stages. The first stage was the ini
tial acquisition of raw material. Ac
quisition was followed in turn by 
manufacture, use and discard-and ul
timately by the geologic burial of the 
artifacts. Another step, transport of 
the stone, could have taken place at 
any point between the acquisition of 
the raw material and the discard of the 
flaked stone. I wanted to examine each 
step in the system. Because the great 
majority of the sites at Koobi Fora 
have yielded artifacts in the Oldowan 
style, I focused much of my attention 
on that style, but without ignoring the 
Acheulean. 

In thinking about the acquisition of 
stone for toolmaking, one important 
consideration was how far the homi
nids had carried the raw material be
fore fashioning the tool itself. At the 
Koobi Fora sites that were adjacent to 
streams at the time of occupation, the 
primary source of material could have 
been nearby gravel bars. At those sites 
transport distances might have been 
as little as a few meters. Geologic stud
ies have shown, however, that at oth
er sites, particularly those in river del
tas or near the margins of the ancient 
Lake Turkana, the nearest sources of 
rock suitable for flaking would have 
been at least several kilometers away. 
Many contemporaneous sites at 01-
duvai Gorge give evidence of similar 
transport distances. 

For the purposes of comparison I 
examined both the gravels in modern 
stream beds and those that would have 
been on the surface at the time of hom
inid occupation. My aim was to find 
out what range of rock types had been 
available to the early toolmakers. In 
both modern and prehistoric samples 
the predominant type of rock was a 
dark lava. Generally more than 90 
percent of the cobbles in each stream 
bed were of this material, the remain
der consisting of ignimbrite, chert and 
quartz. Although the rarer rocks tend 
to be easier to flake than lava and also 
yield sharper edges, the early hominids 
at Koobi Fora appear to have made no 
special attempt to pick them out: the 
rock types chosen for artifacts are in 
direct proportion to their abundance 
in the prehistoric gravels. (At Olduvai 
Gorge there are indications of greater 
selectivity.) 

Yet the protohuman toolmakers at 
Koobi Fora were well aware of other 
characteristics of their material. They 
had a keen eye for avoiding lava cob
bles with defects that render them un
suitable for flaking. The interior of a 
heavily weathered cobble can become 
oxidized, so that the stone will flake 
unpredictably when it is worked. The 

sign of such excessive oxidation is of
ten a hairline fracture on the surface, 
known as a "weathering flaw." Rocks 
with weathering flaws are common in 
the stream gravels at Koobi Fora, but 
the characteristic fragments they give 
rise to are rare among the artifacts un
covered there. It seems clear the early 
hominids had already learned to reject 
such inferior material. 

The second stage of the system is 
tool manufacture. In the course of 
thousands of experiments I tested the 
same raw materials and methods that 
early hominids might have employed. 
I tried a range of flaking techniques 
to find out which of them was used at 
Koobi Fora. Among them were hard
hammer percussion (striking a core 
with a sharp, glancing blow from a 
stone hammer), anvil technique (strik
ing the core on a stationary anvilstone) 
and bipolar technique (striking the 
core with the hammerstone while it 
rests on the anvil). The fracture pat
terns on cores, flakes and fragments 
resulting from each technique were 
analyzed along with the overall effi
ciency of the technique. The compara
tive data showed that the only major 
technique employed at Koobi Fora 
was hard-hammer percussion, which 
for lava cobbles is the most efficient of 
the three techniques. 

The cores that result from hard
hammer percussion are conventional
ly classified in a variety of morpholog
ical types, which archaeologists have 
given names such as choppers, dis
co ids, polyhedrons and core scrapers. 
Most traditional studies have accept
ed the tacit premise that among early 
toolmakers these cores were the pri
mary tools, the flakes and fragments 
being largely waste material. Indeed, 
it has been thought that the shapes 
of these early cores correspond to the 
"mental templates" of the early tool
makers: consistent geometric shapes 
on which they drew in manufacturing 
their implements. 

My experimental findings suggest 
that far too much emphasis has 

been put on cores at the expense of 
flakes. It seems possible that the tradi
tional relationship might be reversed: 
the flakes may have been the primary 
tools and the cores often (although not 
always) simply the by-product of man
ufacture. My experiments show that 
many of the early core shapes can 
emerge without any conscious intent 
in the process of removing flakes and 
fragments from a cobble. Thus the 
shape of many early cores may have 
been incidental to the process of man
ufacture and therefore indicative of 
neither the maker's purpose nor the 
artifact's function. Conversely, the 

sharp-edged flakes often turn out to be 
extremely effective cutting tools, as I 
shall show in describing my functional 
experiments. 

The notion that many of the Oldo
wan core forms did not necessarily re
sult from mental templates was con
firmed by work with untrained stone 
knappers (toolmakers). In order to un
derstand better the process by which 
one learns to flake stone, I supple
mented my own experiments with 
investigations of toolmaking among 
selected samples of people with no 
formal training in stone-tool studies. 
Initially most of them produced heavi
ly flaked and battered cores that bore 
little resemblance to early Stone Age 
tools. In only a few hours, howev
er, most novices can master the basic 
mechanics of stone flaking. Thereaf
ter they can make the entire range of 
Oldowan core forms. What is more, 
many of these forms emerge sponta
neously in the process of learning to 
flake stone. 

Although the early stone artifacts 
from Koobi Fora do not display much 
technical finesse, it is clear to me that 
the early hominids had also mastered 
the basic skills. In order to flake stone 
by hard-hammer percussion in a con
trolled way, three conditions must be 
met at the same time. First, the core 
must have an acute edge (one with an 
angle of less than 90 degrees) near 
which the hammer can strike. Second, 
the core should be struck a glancing 
blow at a point generally about a centi
meter from the acute edge. Third, the 
blow should be directed through an 
area of high mass, such as a ridge or a 
bulge [see illustration on page 115]. Ex
amination of the Koobi Fora artifacts 
reveals that their makers had gained 
the cognitive and motor skills needed 
to fulfill the three conditions and 
strike off a reliable sequence of flakes. 

Now, these principles can be ap
plied in at least two different types of 
flaking: alternate bifacial flaking and 
unifacial flaking. In alternate bifacial 
flaking, flakes are struck from oppo
site sides of the core in alternation to 
prod uce two flaked faces. In unifacial 
flaking a series of flakes are removed 
from a single face of the core. The 
flakes resulting from alternate bifa
cial flaking cannot reveal whether the 
knapper was right- or left-handed. In 
unifacial flaking, however, the pattern 
of flakes does depend on the hand
edness of the maker: "right-oriented" 
flakes, consistent with a right-hand
ed knapper, can be distinguished from 
"left-oriented" ones by the pattern of 
cortex, or weathered rind, on their sur
face [see illustration on page 120]. 

That difference has provided the ba
sis for some intriguing findings about 
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the original development of handed
ness among human beings. I analyzed 
the proportion of right- to left-orient
ed flakes resulting from my own flak
ing and found that it was 56 : 44. Since 
I am right-handed, it was not surpris
ing that the right-oriented flakes pre
dominated. (The ratio is not higher be
cause much flaking is bifacial, which 
yields comparable numbers of right
and left-oriented flakes.) When I meas
ured the ratio among flakes gathered 
at Koobi Fora, however, I found al
most exactly the same ratio-57 : 43. 
Other early Stone Age artifact assem
blages also show this ratio. This sur
prising finding suggests that the pref
erence for the right hand had already 
developed among human beings by 
between 1.9 and 1.4 million years ago. 

Handedness is by no means a trivial 
matter in an evolutionary sense. 

The widespread dominance of one 
hand seems to be unique to human be
ings. Animals do show individual pref
erences for one paw or hand over the 
other, but these balance out, and the 
overall ratio among any population 
is likely to be about 50 : 50. Among 

human beings, however, right-handers 
predominate by about 90 : 10, and the 
preference appears to be under genet
ic control. What is more, handedness 
is associated with a profound lateral
ization of the human brain. In most 
modern human beings the left cere
bral hemisphere (which controls the 
dominant right hand) is the center of 
time-sequencing skills, including lan
guage ability; the right hemisphere is 
more specialized for spatial pattern
ing. The appearance of a preference 
for the right hand among the Koobi 
Fora hominids may well indicate the 
evolution of lateralization. 

Lateralization of the brain may in 
turn have brought with it increased ca
pacities for conceptualizing the future, 
a conclusion supported by my work on 
tool transport. Transport was a subject 
I was particularly interested in. I had 
touched on it in analyzing the trans
port distances from sources of raw 
material, but I wanted to know more. 
In analyzing this problem the cortex of 
the lava cobbles was again most help
ful. Clearly, when a stone is flaked, the 
pieces with cortex come off first. I ex
amined the distribution of cortical and 

noncortical flakes that resulted when 
I flaked various kinds of core myself. 
If the hom in ids had carried out the en
tire sequence of manufacturing steps 
at one site, predictable patterns of cor
tical and noncortical flakes would be 
represented there. 

If, on the other hand, cores had been 
transported from place to place and 
worked on a bit at a time, the distri
bution would be skewed: some sites 
would have fewer of the cortical flakes 
that are made in the early phases of 
flaking. That is precisely what I found. 
Compared with my computer-generat
ed models of the entire population of 
flakes resulting from tool manufac
ture, the Koobi Fora sites tended to in
clude anomalously high proportions 
of noncortical flakes (the kind pro
duced in the later stages of flaking). It 
would appear that early hominids car
ried partially flaked cores with them, 
perhaps in simple containers. At stop
ping points the cores may have been 
worked again, and at places of pro
longed or frequent occupation much 
of the flaked material dropped out to 
form the artifact concentrations that 
archaeologists call sites. 

EXPERIMENTAL MEAT PROCESSING revealed that different of a wildebeest (left) an unretouched flake worked well. For re

stone implements were best for various tasks. For slitting the hide moving the leg of a bovid (a gazellelike animal) a bifacial hand ax 

l18 
© 1987 SCIENTIFIC AMERICAN, INC



This spatial and chronological pat
tern suggests that the hominids living 
around Koobi Fora had considerably 
greater powers of organization and 
planning than modern chimpanzees 
have. Although some chimpanzees do 
make tools for future use, the time be
tween manufacture and employment 
is usually less than a few minutes. 
Moreover, only rarely do chimpanzees 
transport objects farther than 100 me
ters. In contrast, among the early hom
inids raw materials may have been car
ried more or less constantly in prepa
ration for potential uses in the future. 
The development of such mental skills 
may have been part of the groundwork 
for tool use. Increased tool use in turn 
may have contributed to new selective 
forces that favored further brain de
velopment, as Sherwood L. Washburn 
of the University of California at 
Berkeley has suggested. 

In all probability one aspect of this 
feedback cycle-a cycle of major adap
tive importance-was an application of 
implements to an increasing range of 
tasks. Based on current knowledge 
of contemporary hunter-gatherers as 
well as nonhuman primates, I assem-

bled a list of functions that tools could 
have performed among early African 
hominids and then experimented to 
find out what types of tools were best 
for carrying out each function. The 
list included such jobs as butchering 
animals, woodworking, hideworking, 
cracking hard-shelled nuts and dig
ging. On the basis of hundreds of feasi
bility experiments, I have drawn the 
following generalizations. 

All my butchering experiments were 
.£\. carried out on animals that had 
died of natural causes or been slaugh
tered by traditional methods for food. 
The subjects included domestic ani
mals such as goats, sheep, pigs, cows 
and horses along with wild species 
such as deer, zebras, oryxes, wilde
beests and even elephants. The most 
effective tool depended on the specific 
task within the overall butchering. A 
sharp, unmodified flake was most effi
cient for opening the carcass. For dis
membering and defleshing an unmod
ified flake or a retouched flake with 
an acute edge was best. For chopping 
dried, residual meat from a scavenged 
carcass, which Lewis Binford of the 

University of New Mexico has pro
posed was an important hominid be
havior, a large flake or a sharp-edged 
core proved most suitable. For crack-

. ing bones to extract marrow or break
ing open the skull to get the brains, an 
unmodified cobble or a heavy core did 
the best job. 

The making of digging sticks and 
spears also entailed different imple
ments: heavy, acute-edged cores for 
severing a straight branch from a tree, 
flakes and flake scrapers for the finer 
shaping of the point and a rough stone 
surface for the final grinding. A va
riety of simple and retouched flakes 
were the most efficient tools for scrap
ing fat and meat off a hide or remov
ing hair from the outer surface. Un
modified cobble hammers and anvils 
worked best for cracking hard-shelled 
nuts. For digging to reach buried wa
ter or underground vegetation such as 
roots and tubers, however, stone ar
tifacts were usually not as efficient 
as other materials, which included un
modified antelope horns, broken limb 
bones from large animals and sharp
ened digging sticks. 

The technological repertory of the 

was best (second from left). For cracking bovid limb bones to ob
tain the marrow an unmodified cobble or, as here, a heavy core 

was most effective (seco1ld from right). A similar core was well 
suited for breaking open a bovid skull to get at the brains (right). 
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early hominid groups may well have 
included weapons, among them wood 
spears, clubs, throwing sticks and cob
ble missiles. In this study I made no 
attempt to kill animals with primi
tive weapons. I did, however, carry out 
some experiments that were aimed 
at clarifying the problem of killing. 
Wood and horn-tipped spears thrust 
into the chest cavities of dead cows 
and goats were found to penetrate as 
much as 30 centimeters unless they hit 
a rib. Such spears penetrated the chest 
cavity of an adult African elephant, 

1 

in contrast, only three or four centi
meters, but it must be kept in mind 
that early hominids were considerably 
stronger than modern human beings of 
average height and build, and these 
simple weapons may have been far 
more effective in their hands. 

Some of the humblest implements I 
experimented with were various kinds 
of containers. Simple devices for car
rying water, food or partially worked 
cores could have been made out of 
the shells of ostrich eggs or tortois
es, pieces of bark or animal skins. 

2 3 

UNIFACIAL FLAKING yields flakes that can indicate which hand was favored by the 

toolmaker. A right-handed individual holds the hammers tone in the dominant right hand 
and the core in the left hand; the core tends to be rotated clock wise as a sequence of 
flakes is struck off one face. Left-handers reverse the arrangement and generally turn the 
core counterclockwise. The pattern of cortex, or weathered rind, on the flakes can show 
which hand held the hammers tone. The flakes numbered 2 and 3 in the lower panel are 
"right-oriented," suggesting a right-handed toolmaker. (On left-oriented flakes, made by 
left-handers, the crescent of cortex has the opposite orientation.) Analysis of large popu
lations of prehistoric flakes enabled the author to determine that early hominids appear 

to have become preferentially right-handed by between 1.9 and 1.4 million years ago. 
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A branch employed as a skewer and 
slung over the shoulder could have 
provided a valuable tool for carrying 
meat. Although such containers are 
very modest implements, they could 
have been quite important in the 
course of human evolution. Indeed, 
the first tools of all may have been car
rying implements that enabled a group 
of hominids to transport food, thereby 
reducing their dependence on the im
mediate environment. 

Functional studies are valuable for 
understanding how early tools might 
have been used, but they cannot prove 
how the tools were actually employed. 
Two recent advances make it possi
ble to bridge that gap. The first is mi
croscopic study of the characteristic 
polishes formed on the edges of stone 
tools in the process of working various 
materials. Lawrence H. Keeley of the 
University of Illinois at Chicago Cir
cle is a pioneer in this approach [see 
"The Functions of Paleolithic Flint 
Tools," by Lawrence H. Keeley; SCI
ENTIFIC AMERICAN, November, 1977], 
and I collaborated with him in examin
ing the microwear polishes on a set of 
implements from Koobi Fora. 

Unfortunately microwear analysis 
is not suitable for examining the 

medium-grained lavas of which the 
majority of Koobi Fora tools were 
made; that stone is too heterogeneous 
and too coarse to yield good data 
under the microscope, and chemical 
weathering can alter the surface of a 
lava artifact over time. The minority 
of finer-grained stones (particularly 
cherts) yielded helpful data, however. 
Of the 59 fresh, unweathered artifacts 
I submitted to Keeley, wear polishes 
were found on nine. Four had polish
es consistent with animal butchering, 
three with woodworking and two with 
cutting softer vegetation. Although 
this is a small sample, it suggests that 
by 1.5 million years ago meat process
ing may have been an important tech
nological activity, complemented by 
the manufacture of simple wood tools 
and the cutting of grasses (perhaps for 
laying meat on to protect it from dirt 
while a carcass was being butchered, 
or, as Keeley has suggested, for bed
ding material). 

The second advance in methodolo
gy is based on the converse modifica
tion: of the bone by the tool. Striations 
on fossil bone from Koobi Fora and 
Olduvai Gorge have been shown to be 
cut marks left by hominids employing 
stone tools for skinning, dismembering 
and defieshing the carcass. Such work, 
done by Henry T. Bunn of the Univer
sity of Wisconsin at Madison, Richard 
Potts of the Smithsonian Institution 
and Patricia Shipman of Johns Hop-
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kins University, corroborates the find
ing that meat processing was a signifi
cant early activity. In addition some 
marrow-yielding long bones from sites 
in both areas show fracture patterns 
that could have been made by stone 
hammers. How such animal resources 
were obtained is controversial-the 
relative contributions of hunting and 
scavenging are debated-but it seems 
clear that technology based on the 
flaking of stone was integral to proc
essing the carcasses. 

Such evidence, combined with my 
own extensive experimental studies, 
has enabled me to begin to formulate a 
picture of the emergence of flaked
stone technology. I think the major im
petus for the development of flaked
stone tools was a shift toward exploi
tation of animal-food resources (by 
scavenging or small-scale hunting) in 
an opportunistic foraging strategy that 
was still dominated by plant foods. 
This dietary shift probably took place 
more than two million years ago, and 
it may have been associated with ma
jor climatic changes. About 2.5 mil
lion years ago the African climate 
appears to have become significantly 
drier. Elisabeth S. Vrba of Yale 
University has suggested that the cli
matic shift brought about large-scale 
animal extinctions along with a burst 
of speciation marked by the appear
ance of new animal species. 

A technology of flaked stone may 
have offered the early hominids a 
means of adapting to the new condi
tions by moving opportunistically into 
niches that had previously been the 
domain of carnivores or scavengers. 
Hominids are not well equipped bio
logically for such niches: our small ca
nine teeth, flat cheek teeth and lack of 
claws make us inefficient carnivores. 
Furthermore, as Keeley has pointed 
out, sharp-edged rocks or other mate
rials can rarely be found in nature. Yet 
the early hominids, like modern chim
panzees, may already have possessed a 
technology based on unmodified stone 
hammers for plant processing. Acci
dental fracture of the stone hammers 
or anvils could have given rise to sharp 
fragments whose potential for cutting 
was discovered by trial and error. 

In this way our ancestors could sup
plement their biological equipment: 
sharp-edged stones became the equiv
alent of canines and carnassials (meat
cutting teeth) and heavier rocks served 
as bone-crunching "jaws." That flakes 
were an integral part of this process is 
suggested by a finding that emerged 
from my work with Keeley. All nine 
of the artifacts from Koobi Fora that 
showed traces of wear were simple 
flakes. Not one of them would have 
been considered a "tool" in most tra-

LARGE FLAKE detached from a boulder is one hallmark of Acheulean technology. About 

I.S million years ago hominids began to quarry such large flakes and make them into 
hand axes, picks and cleavers of the type shown in the bottom illustration on page 116. 

ditional classifications of Oldowan 
forms. Furthermore, many of the fine, 
parallel striations on bones from 01-
dowan sites seem to be cut marks 
made by unmodified flakes. Once the 
notion of flaking stone had been as
similated, a crucial feedback loop be
tween tool use and brain expansion 
may have begun. 

Then, about 1.5 million years ago, 
there came about a second tech

nological leap: the development of 
the Acheulean-style implements. My 
work has shown that many of the 
Acheulean "hand axes," "picks" and 
"cleavers" are in fact excellent tools 
for the heavy-duty butchering of larg
er mammalian species. It would seem 
likely, then, that this second advance 
was associated with more systematic 
butchering of large carcasses, acq uired 
either through scavenging or through 
hunting, as investigators such as Clark 
have suggested in the past. 

Both the work of other investiga
tors and my own research suggest 
that changes in diet and biology were 
strongly associated with the develop
ment of early technology. Further 
work will undoubtedly add to our 
knowledge and modify our interpre
tations. What will remain is a certain 
inherent fascination with the simple 
stone tools found at the early African 
sites. They represent the first evidence 
of culture (the transmission of learned 
behavior) in the prehistoric record. 
Culture and technology, in their com
plex contemporary manifestations, are 
often taken for granted, their origins 
forgotten. Yet every modern technolo
gy-including those for exploring oth
er parts of the solar system, splitting 
the atom, engineering genetic materi
al and performing organ transplants
is linked in an unbroken line of cul
ture with the inception of flaked-stone 
tools between two and three million 
years ago. 
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THE AMATEUR 
SCIENTIST 

Making a barometer that works 

with water in place of mercury 

by Jead Walker 

What might be described as the 
first barometer figured in a 
curious experiment done in 

1641 by the Italian scientist Gaspa
ro Berti. He closed the lower end of 
a long tube with a stopcock and im
mersed it vertically in a tub of water. 
Then he filled the tube from the top 
with water, sealed the top and opened 
the stopcock. Only a small amount of 
water flowed out of the tube. 

Berti contended that the slight fall of 
the water column left a vacuum in the 
tube above the column. The possibility 
that a vacuum can exist in nature had 
already been proposed by other inves
tigators, but the idea had yet to be 
accepted universally. Berti also main
tained that water remained in the tube 
because the atmospheric pressure on 
the exposed water surface in the tub 
balanced the pressure from the weight 
of the water in the tube. 

Berti's tube extended up the side of a 
multistory building and therefore was 
too big to serve as a useful barometer. 
A few years later his compatriot Evan
gelista Torricelli proposed that the wa
ter be replaced with mercury, which is 
13.6 times denser, so that the instru
ment's height could be reduced. Torri
celli's associate Vincenzo Viviani con
structed such an apparatus. He sealed 
one end of a glass tube about 30 inches 
long and filled it with mercury. Press
ing a finger over the open end, he in
verted the tube and lowered its end 
into an open container of mercury. 
When he released his finger, mercury 
flowed from the tube until the pres
sure from the weight of the mercury 
left in the tube matched the atmos
pheric pressure. This instrument was 
the first true barometer. By noting the 
height of the mercury column one 
could measure the atmospheric pres
sure. High pressure pushed mercury 
into the tube, increasing the column's 
height. Low pressure allowed mercury 
to leave the tube, decreasing the col
umn's height. 
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Because mercury is so dense, the 
variations in column height are usual
ly small and sometimes must be re
corded in measurements of less than a 
millimeter. Why not stick with water 
as the working fluid? Although the ba
rometer would be quite tall, the varia
tions in atmospheric pressure should 
yield changes in column height 13.6 
times greater than those in a mercu
ry barometer. Unfortunately the water 
barometer falls quite a bit short of the 
barometric ideal. 

The explanation for this failure lies 
in the fact that the space above the wa
ter column is not a full vacuum as 
Berti conjectured. Some of the water 
vaporizes, filling the space with vapor. 
Whenever the temperature changes, 
the amount of vapor varies. Hence the 
pressure the vapor exerts on the wa
ter column also varies. For example, 
in warm weather the increased vapor 
pressure reduces the height of the col
umn. The device is therefore not accu
rate as a barometer. 

Sam Epstein of Los Angeles has 
found a way around this difficulty. 
His barometer contains common an
tifreeze (ethylene glycol) diluted with 
water. The antifreeze reduces vapor
ization at the top of the barometric 
column. The barometer's residual de
pendence on temperature is accounted 
for by a table that Epstein formulates 
when he calibrates the instrument. 

Epstein has made two such barome
ters. One of them is described as a ba
rometer of the cistern type and the oth
er is a barometer of the siphon type. 
The cistern barometer is similar in de
sign to Berti's apparatus. To accom
modate the low density of the anti
freeze mixture (1.07 times the density 
of water), the device stands about 35 
feet high. Since monitoring the fluid 
level can be a nuisance if one must 
climb several flights of stairs, Epstein 
designed a remote sensor to read the 
column height from the base. 

If you want to build a similar ap-

paratus, your first move should be to 
find a suitable place for it to stand. It 
should be fastened to a wall by brack
ets. It should not be in direct sunlight 
because of the heating effect. Al
though the freezing point of the anti
freeze mixture is low (about - 34 de
grees Fahrenheit), you must be careful 
not to mount the device where the 
mixture might freeze in winter. 

The barometer is made out of six 
sections of polyvinyl chloride (pvc) 
tubing, each section six feet long and 
one inch in internal diameter. If you 
decide to do without a remote sensor, 
make the top section of transparent 
plastic. Join the sections with union 
pieces sealed with primer and cement. 
Be certain the seals are tight; after the 
cement sets, the sections can be sepa
rated only by sawing them apart. For 
the working fluid mix four gallons of 
good-quality antifreeze with an equal 
amount of distilled water. 

The sensing elements are 24 plati
num electrodes spaced along the top 
section. Each electrode is numbered 
according to its height. An addition
al electrode, mounted on the opposite 
side of the section, serves as a common 
electrode. When a voltage is applied 
between the common electrode and a 
numbered one, a small current is con
ducted through the antifreeze solution. 
The numbered electrodes are connect
ed to a rotary switch at the base of the 
barometer. When you turn the switch, 
you put a different electrode in the cir
cuit. By rotating the switch to find the 
highest electrode that conducts elec
tricity you can ascertain the approxi
mate height of the fluid. 

In order to make the electrodes, 
buy from a laboratory-supply house 
a nine-inch length of platinum wire 
(No. 24 gauge). Also get 25 glass tubes, 
each tube six inches long and five mil
limeters in internal diameter. Cut the 
wire into nine-millimeter sections and 
bend each section into the shape of a 
Z. Its two outer arms should each be 
four millimeters long. Heat the end of 
a glass tube in a gas-and-compressed
air flame from a Meker burner. Hold 
the end just above the tip of the blue 
part of the flame, rotating it slowly 
to provide uniform heating. The end 
soon softens and closes. When the 
opening is only slightly wider than the 
arms of the wire, insert a wire section 
into the tube and continue heating the 
glass so that it seals around the middle 
section of the Z. 

When the tube closes around the 
wire, gradually diminish the air supply 
to the burner while rotating the tube 
in the flame. After another minute re
move the tube from the flame and let it 
cool. Be careful not to overheat the 
wire or it will melt, ruining the device. 
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After the tube has cooled cut the end 
containing the wire to a length of one 
inch. Then fire-polish the ragged end 
left by the cut. 

Each electrode is connected to the 
rest of the sensor circuit by hookup 
wire, which has strands and is insulat
ed. Have a six-inch length of this hook
up wire handy with one end stripped of 
its insulation. Put approximately half 
an inch of 50/50 rosin-core solder in 
the electrode. Ho'ld the section in a 
gas flame until the solder melts. Then 
quickly remove the section from the 
heat and push the stripped end of the 
hookup wire into the molten solder. 
After the device has cooled make sure 
the wire is firmly embedded; if it is not, 
repeat the procedure. When the wire is 
properly set, seal the platinum end of 
the tube with pvc cement. 

Prepare the electrodes and drill 
holes for them in the top section of 
pvc tubing. Make each hole just large 
enough to accept an electrode. Space 
the centers of the holes for the num
bered electrodes at 2.4-inch intervals, 
starting about a foot below the top of 
the tubing. Then seal each electrode 
with pvc cement. When the barometer 
is later assembled, put the highest elec
trode 33.4 feet from the level of the 
fluid in the cistern. 

From the stub of hookup wire at 
each electrode run enough additional 
wire to reach the base of the barome
ter. Each wire is attached to a resistor 
connected to one of 24 positions on a 
rotary switch. Number the electrodes, 
beginning with the lowest one. The 
resistors connected to the lowest six 
electrodes are rated at 90 kilohms. 
The higher electrodes, which are far
ther from the common electrode, re
quire resistors with less resistance. 
Group the 24 electrodes into four sets 
of six. Decrease the resistance by 20 
kilohms for each successively higher 
set. Each of the resistors has a power 
rating of .5 watt. 

The rotary contact of the switch 
is connected to a double-pole, single
throw toggle switch. A wire runs from 
the toggle switch to the common elec
trode. Along the route install a small 
neon lamp with no internal resistor; 
it signals when current is conduct
ed through the antifreeze solution. The 
toggle switch is connected to an iso
lation transformer that is plugged 
into a wall outlet. When you want to 
take a measurement, turn on the tog
gle switch. (It should be off at other 
times.) Select a position for the ro
tary switch. If the neon lamp lights, 
turn the switch counterclockwise until 
the lamp goes out. Otherwise turn the 
switch clockwise until the lamp goes 
on. The last position of the switch in
dicates the height of the fluid in the 
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barometer to an accuracy of approxi
mately two inches. 

The rest of the construction does not 
depend on the remote sensor. Mount 
the pvc tubing on a wall and plug its 
lower end with a rubber stopper taped 
on or with a threaded cap. The cistern 
is a widemouthed two-gallon jar with 
a screw-on lid. Drill in the lid a hole 
slightly larger than the tubing. Half fill 
the jar with the antifreeze mixture. Slip 
the lid over the lower end of the tubing 
and have someone hold it well above 
that end. 

Raise the support of the jar until the 
lower end of the tubing is in the anti
fr�eze mixture. Put a funnel into the 
top of the tubing and slowly pour in 
the antifreeze mixture, trying to avoid 
air bubbles. After the tube is full allow 
30 minutes for any air bubbles to dissi
pate. Then cap and seal the top of the 

�����p�la=' t�inu� 
wire 

. -;,  

. LOWe.5t .. " " 
"" . platinum" " 
" 
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pipe. Unplug the lower end and screw 
the lid of the jar into place. Allow one 
day for the vapors of ethylene glycol 
and water to saturate the region above 
the fluid column. 

If you do not build the remote sen
sor, add a scale alongside the upper 
end of the fluid column by which you 
can measure the atmospheric pres
sure. The height of the fluid column 
is measured from the fluid level in 
the cistern. The scale should extend in 
height from 28.8 to 33.4 feet, the same 
range covered by the placement of 
electrodes for the remote sensor. If the 
cistern is wide enough, the fluid lev
el in it hardly changes as atmospheric 
pressure varies, and so you can attach 
the scale to the barometer. 

The scale can be marked in pressure 
units called inches of mercury. The 
full length of the scale, 4.6 feet, repre-
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sents a pressure change of 4.6 inches of 
mercury. Mark the scale in .I-foot sec
tions. Each section then represents a 
pressure change of .1 inch of mercury. 
For example, if the atmospheric pres
sure increases so that the column of 
antifreeze mixture climbs by .1 foot, 
the column in a mercury barometer 
would climb by .1 inch. (You could 
mark the scale in any other units of 
pressure.) 

If the barometer is exposed to a con
siderable range of variations in tem
perature, you will need to record the 
height of the fluid throughout the en
tire range of temperatures. Compare 
the reading with the atmospheric pres
sure measured by means of some other 
device, such as a mercury barome
ter, that is not appreciably influenced 
by temperature. At very low tempera
tures the vapor pressure above the flu
id hardly alters the height of the col
umn. At higher temperatures the va
por pressure lowers the height. 

After you have constructed a ta
ble of corrections for the temperature, 
you no longer have need for the sec
ond barometer. Each time you make a 
reading on the antifreeze barometer 
note the temperature on a thermome
ter placed next to the base. Use the ta
ble to determine the correction that 
must be added to your reading to get 
the true atmospheric pressure. 

Epstein's second device, the siphon 
barometer, is read at the base without 
a remote sensor and does not req uire a 
cistern. It is in the shape of a U but with 
one side shorter than the other. The 
short side is made of transparent plas
tic pipe that is six feet long with an in
ternal diameter of one inch. The long 
side consists of seven sections of pvc 
tubing. The sides are connected by pvc 
elbows and a short length of pvc tub
ing. When you have cemented the tub
ing, pipe and elbows together, mount 
the device on a wall, insert a funnel 
in the short side and pour in enough 
antifreeze mixture to fill both sides 
to a height of five feet. 

Now a calculation must be made 
to ascertain how much additional flu
id will be needed to balance the nor
mal atmospheric pressure at your alti
tude. At sea level the normal atmos
pheric pressure will balance the weight 
of 29.92 inches of mercury. To find the 
equivalent height of the antifreeze 
mixture, mUltiply the height of the 
mercury by the ratio of the density 
of mercury to the density of the an
tifreeze. Dividing the result by 12 to 
convert it into units of feet, you will 
find that the equivalent height of the 
antifreeze mixture is 3 1.7 feet. 

Less fluid is needed above sea level, 
more below it. Determine your eleva
tion with respect to sea leveL For every 
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100 feet above sea level subtract 1.3 
inches from the benchmark height of 
31.7 feet. For every 100 feet below sea 
level add 1.3 inches to the benchmark 
height. When you have determined the 
appropriate column height for your el
evation, calculate the volume of fluid 
you will need to fill the pvc tubing to 
that height. 

To add fluid to the barometer begin 
at the short side. Bring the fluid lev
el up to the top of the pipe and close 
that side with a rubber stopper. Insert 
a glass stopcock through a hole in 
the stopper; the bore of the stopcock 
should be two or three millimeters in 
diameter. Close the stopcock, push the 
stopper into place, seal it with electri
cal tape and add the rest of the fluid to 
the long side of the barometer. 

Allow 30 minutes for air bubbles to 
escape from the fluid and then attach 
a bicycle air pump to the protruding 
end of the stopcock. As you open the 
stopcock, pump air into the barome
ter, forcing the fluid level in the long 
side to the top. Immediately close the 
stopcock. Cement a cap to the top of 
the long side. When the cement has 
set, slowly open the stopcock. Wait 
one day for the vapors to saturate the 
space above the fluid in the long side. 
Replace the stopcock and the rubber 
stopper with another stopper through 
which you have inserted a two-inch 
glass tube with an internal diameter 
of one millimeter. Fasten the stopper 
with tape and cover it with a cap that is 
loose enough to pass air. 

The scale for measuring the atmos
pheric pressure is mounted along the 
short side. It should run in the opposite 
direction from the scale on the cistern 
barometer. The reason is that an in
crease in atmospheric pressure drives 
the fluid down in the short side. Since 
the pressure variations are split evenly 
between the two sides of the barome
ter, the distance between marks on the 
scale is half the distance on the scale 
for the cistern barometer. Hence a 
change in height of .05 foot now rep
resents a pressure change of .1 inch 
of mercury. 

To calibrate his barometers Epstein 
built a mercury barometer. Since he is 
a chemist, he is well acquainted with 
the precautions that should be taken 
in work with mercury. If you decide 
to build a mercury barometer, you 
should get advice from someone sim
ilarly knowledgeable about mercury. 
Do the work in a well-ventilated area. 
Do not touch the mercury or get any of 
it in your mouth. 

Epstein's barometer holds about 
two pounds of mercury, which he 
bought from a dental-supply house. 
The backboard support for the barom
eter is half-inch wood mounted on a 
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wall with two picture hooks, each one 
strong enough to support 50 pounds. 
The barometer must be exactly ver
ticaL The cistern, a jar with a metal 
screw-on lid, sits in a well that is sup
ported by a wood extension from the 
backboard. Drill the extension so that 
a round steel stock one inch in diame
ter can be press-fitted through it. Drill 
and thread the stock to accept a 3/8-
by-16-inch steel bolt, which should be 
greased before it is put in place. The 
end of the bolt fits securely in a thread
ed hole at the bottom of the welL 

Two holes are drilled in the lid of the 
cistern. One hole, exactly centered, is 
slightly larger than the mercury tube 
that fits through it The other hole is 
slightly larger than a plastic knitting 
needle that extends into the cistern. 
A rubber liner cemented inside the 
lid has similar holes but fits tightly 
around the mercury tube and the nee
dle. The holes are punched with a lab
oratory cork borer. Add a barely vis
ible V notch to the hole through the 
liner for the mercury tube. The notch 
passes air so that the air pressure in
side the cistern matches the external 
air pressure. The notch must be small 
to keep the escape of mercury vapor to 
a negligible amount 

A support for the needle extends 
from the backboard. The tip of the 
needle indicates the height of a refer
ence level scratched on the backboard. 
Whenever the atmospheric pressure is 
read, the height of the cistern is adjust
ed until the level of the mercury in the 
cistern is at the tip of the needle. 

The tube holding mercury rests in
side a guard tube made from thin
walled electrical conduit with an inter
nal diameter of three-quarters of an 
inch. Make the guard tube 34.5 inches 
long. It has two viewing slots near the 
top through which the mercury level 
can be monitored. A scale marked in 
inches or millimeters is positioned 
along the front side of the guard tube. 
The wall behind the slots should be 
white to provide contrast with the mer
cury. A cap for the guard tube has a 
No. 10 eyebolt mounted in its center 
and is fastened to the tube by three 
sheet-metal screws. 

Two supports for the barometer ex
tend from the back walL One of them 
is made of wood; its outer end is cut to 
fit around the lower end of the guard 
tube. A clamp made out of sheet metal 
holds the tube snug against this wood 
support The other support is a 3/8-
inch bolt that goes through the back
board, extends over the barometer and 
passes through the eyebolt The eye
bolt is held in position by nuts on the 
support bolt. 

The mercury tube, made of flint 
glass, is 35 inches long and five mil-
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limeters in internal diameter. For safe
ty Epstein decided that the wall thick
ness should be at least one millimeter. 
He sealed one end of the tube with a 
Meker burner. Three half-inch wood 
dowels were slipped over the tube to 
serve as spacers in the guard tube. 
They have a centered hole slightly 
larger than the mercury tube. Two of 
them are glued in place with epoxy at 
the middle and bottom of the tube. 
The third dowel is glued 4.5 inches be
low the open end of the tube. 

In filling the mercury tube, Epstein 
held it by clamps so that its sealed end 
was at the bottom. To catch any mer
cury that might spill he placed a wide 
glass container holding about half 
an inch of water under the tube. He 
also took the precaution of filling the 
tube in a carpetless room; if mercury 
spilled, he could amalgamate it with 
dust or filings of copper or zinc moist
ened with vinegar. 

Epstein filled the tube by slowly 
pouring the mercury into a funnel held 
in place by a piece of rubber tubing in 
the open end of the tube. To facilitate 
the flow of mercury he inserted a four
foot length of piano wire into the tube 
through the funnel. Tapping the tube 
with a pencil, he worked the wire up 
and down, being careful not to scratch 
the glass. He continued the process un
til the tube was filled to within an inch 
of the top and the air bubbles in the 
mercury were eliminated. 

With the help of an assistant he in
verted the guard tube, placed its lower 
end on a soft surface, slipped the tube 
of mercury into it and pressed a wood 
dowel into the upper end of the guard 
tube. After sliding the inverted cistern 
lid over the protruding open end of the 
mercury tube, Epstein completed fill
ing the tube with mercury. Wearing a 
surgical glove, he closed the open end 
of the mercury tube with a finger as he 
and his assistant inverted the assembly 
and lowered the tube into the mercury 
in the cistern. He removed the finger 
when the mercury tube was below the 
fluid level in the cistern. Being careful 
not to let the lower end of the mercury 
tube move above the fluid level in the 
cistern or touch the bottom of the cis
tern, he clamped the guard tube to the 
support extending from the back wall. 
Then he placed the cap on the guard 
tube and adjusted the height of the 
tubes until he could run the support 
bolt through the eyebolt. 

After screwing the cistern lid to the 
cistern, Epstein positioned the knit
ting needle. To make a reading he ro
tated the bolt below the cistern until 
the fluid level in the cistern was at 
the tip of the needle. He then read the 
height of the mercury column to an ac
curacy of about one millimeter. 
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