
SCIENTIFIC 
ERIC 

LASER FUSION $2.50 

�f/(/ePV 1986 
© 1986 SCIENTIFIC AMERICAN, INC



Hitachi's wide-ranging technologies in communication (from left to right): 
optical fibers, image signal processor, advanced telephone exchange system, 
satellite communication, and machine translation system. 
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Communication is not simply sending 
a message ... it is creating true understanding­
swiftly, clearly and precisely. 
"I know he's trying to tell me something: 
but what does he really mean?" In our world 
of proliferating technologies and new termi­
nology, this kind of question is asked a lot. 
Here is what we are doing about it. 

Hitachi's scientists and technicians' long­
term goal is to break the language barrier. 
They are diligently at work today on an array 
of projects that will vastly improve the com­
munications of tomorrow. 

For example, we've made tremendous 
progress on a system to translate Japanese 
into English. 

This system can be used to translate 
various scientific/technical papers and 
machinery/equipment manuals. Special 
"glossaries" can be developed to adapt it for 
fields as diverse as medicine, electronics 
and aeronautics. Further development could 
lead to automatic telephone translation or 
even portable verbal translators for travelers. 

In addition to the machine transla-
tion system, Hitachi's research specialists 
are also developing advanced transmission 

systems that send your phone calls or 
business data across great distances using 
hair-thin optical fibers and laser beams. 
They are also working on other new methods 
of communications, such as advanced 
telephone exchange systems, satellite com­
munication systems, TV conferences, 
and so forth. 

At the root of much of this is our highly 
advanced computer technology: because 
Hitachi is producing some of the fastest, 
largest-capacity systems available today. 

We link technology to human needs. We 
believe that Hitachi's advanced technologies 
will result in systems and products that are 
functionally sophisticated but easy to use. 
Our goal in communications-and trans­
portation, energy and consumer electronics 
as well- is to build products and systems 
that will improve the quality of life the 
world around. 

�HITACHI 
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All you asked was to go faster. and farther. 
With more power. And less fuel. 

In many of the finest American cars, Bosch fuel injec­
tion components help deliver precisely the amount of fuel 
needed for any driving condition. 

And those American cars are going faster and further. 
Producing up to 20 percent more horsepower. Using less 
fuel. And reducing exhaust emissions. 

Power as you need it. 

Bosch multi-point systems inject fuel right at the 
individual cylinders. 

A microcomputer reads thousands of engine opera­
tions and driving conditions every second, and dictates 
the most efficient mix. 

So Bosch fuel injection not only gives you more power 
when you need it It can boost mileage by up to 15 percent 

li"aveling in the best of companies. 

Bosch fuel injection arrived in the US. in imported 
cars over 30 years ago. It's since evolved from a curiosity 
to a high-technology must for today's best performing 
machines. 

Today, every US. manufacturer uses Bosch fuel injec­
tion systems or components. 

Virtually every European model sold in the US. is 
equipped with Bosch fuel injection. And every fuel-injec­
ted Japanese model uses systems or components produced 
under Bosch license or using Bosch patents. 

Bosch breaks ground. 

Sophisticated problem solving is what Bosch is all 
about 

We supply every major US. and European automaker 
with an array of advanced products, from high-performance 
spark plugs to anti-lock braking systems. But our expertise 
isn't limited to automotive. 

We're a leading manufacturer of high-technology 
products, such as Bosch assembly systems, power tools, 
packaging machinery, TV studio equipment and video 
graphics, home appliances, and medical equipment 

In fact, we've pioneered literally thousands of the 
world's most sophisticated electronic and electro­
mechanical advances. 

As a result, we're an international corporation with 
manufacturing facilities in 16 countries. And with sales 
and service in 137. 

But more important are 144,000 Bosch people-9,000 
in R&D alone-who are capable of finding the right answer 
to the toughest challenges. 

Including yours. 

BOSCH 
Bringing high technology down to earth. 
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THE COVER 

The painting on the cover depicts the interior of the target chamber of the 

OMEGA laser system at the University of Rochester, where 24 laser beams 

simultaneously focus their energy onto a fuel pellet (see "Progress in Laser 
Fusion," by R. Stephen Craxton, Robert L. McCrory and John M. Soures, 

page 68). The fuel pellet is the small, bright sphere at the center of the paint­
ing; it is essentially a hollow glass shell, about a millimeter in diameter, that 

contains deuterium and tritium gas. The atomic nuclei of the gas fuse when 
the shell and the gas are compressed and heated by the laser; the fusion reac­

tions could give rise to useful energy. The pellet is suspended by a filament, 
sometimes made of spider webbing, attached to a positioning device. Each 

laser beam passes through a lens and a blast shield that protects the lens 

from debris created when the pellet is vaporized. Antireflective coating on 
the blast shields appears purple. The pellet is surrounded by diagnostic in­
struments: for example, the orange-tipped devices at three and five o'clock 

are X-ray microscopes; the narrow instrument at six o'clock is an X-ray pin­

hole camera, and the conical-tipped device at 10 o'clock is a streak camera. 
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" 

Doing computer backup 
really gets under people's skin. 

They'll do anything to get 
out of doing it, because backing 
up is so utterly boring. 

But not doing it can defi­
nitely be a matter of getting your 
education at the college of hard 
knocks. 

We're reminded of the PhD 
candidate in biology who did 
hunger research for his doctoral 
thesis without backing it up. 

He had data from a year 's 
worth of injecting and weighing 
rats stored on the disk.The 
computer crashed, the rat data 
was erased from memory, 

, 

n 
.' 

nn� 
• 

" 

r. 
-Computer backup excuse #685 

and he had it to do all over. 
Back to the rat race. 
So do your backup. Floppies 

if you don't have much memory. 
Or, if you have 5 to 10 Mbytes 
or over, on data cartridge - a 3 M 
developed technology whose 
time has come. 

For example, 
the space-saving 
3MDC2000 
data cartridge 
holds 40 
Mbytes 

of infonnation. You'd need 80 
floppies to store that much. And 
it can fit in your breast pocket. 

To read more true-to-life 
"horror stories" of people who 
didn't back up, ask your com­
puter products dealer for our 
leaflet "Horror Stories:' 

And you can forget about 
the polarity of your skivvies. 

When you 
run out of 

TM 

excuses. 
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LETTERS 
To the Editors: 

I should like to comment on the ar­
ticle by Miroslav Nincic, "Can the 
U.S. Trust the U.S.S.R.?" [SCIENTIFIC 
AMERICAN, April]. The first issue I 
should like to address is his incorrect 
assumption that Soviet arms-control 
violations are merely the result of trea­
ty ambiguity. I should also like to turn 
to his implication not only that the 
U.S. and the U.S.S.R. are both guilty 
of pushing the limits of agreements 
or even of engaging in noncompliance 
but also that this behavior is an accept­
able part of competition between su­
perpowers. 

Treaty ambiguity is, of course, a 
problem that the U.S. is working hard 
to avoid in its current arms-control ne­
gotiations. Regarding current agree­
ments, where "loopholes" exist no 
violation has been charged. Soviet 
behavior with respect to these agree­
ments, however, is characterized by 
a pattern of numerous verified, and 
hence verifiable, violations. Nincic ac­
knowledges as much in the case of the 
Krasnoyarsk radar. Other examples 
include the Soviet violations of the 
1972 Biological Weapons Convention 
(BWC) and the 1925 Geneva Protocol. 
The BWC is significant in that it is mul­
tilateral and bans the development, 
production and stockpiling of an en­
tire class of weapons. The Geneva 
Protocol explicitly prohibits the use of 
chemical and biological weapons. The 
terms of these treaties are absolute­
ly clear. The Soviets have nonetheless 
maintained an illegal offensive biolog­
ical-warfare program and capability 
since they signed the BWC. They have 
been involved in the illegal produc­
tion, transfer and use of lethal chemi­
cal and toxin weapons in Laos, Kam­
puchea and Afghanistan. 

These cases constitute violations of 
the spirit, intent and provisions of key 
arms-control agreements. The judg­
ments that these are violations were 
not made lightly. They were the result 
of exhaustive analysis of all the avail­
able evidence by the relevant agen­
cies of the U.S. Government, incl uding 
the Arms Control and Disarmament 
Agency, the Department of State and 
the Department of Defense. An ex­
tremely strict standard of evidence 
was applied before a violation was 
charged. 

Nincic's second theme revolves 
around the notion that since the U.S. 
and the U.S.S.R. have both charged 
the other with noncompliance, both 
are eq uaUy culpable. This argument 
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suffers from several flaws. First, the 
U.S. is strict in its treaty compliance­
by law. Its defense programs are thor-

. oughly examined to ensure their com­
pliance with all U.S. treaty obligations. 
(The U.S. Arms Control Impact State­
ment, submitted to Congress annually 
by the Administration, does exactly 
that.) In our open society pressures 
from the public, the press and Con­
gress would make U.S. violations im­
practicable-assuming they were ever 
attempted! 

Moreover, while the Soviets have 
often used invalid countercharges of 
U.S. noncompliance to deflect sanc­
tion for their violations, the U.S. has 
gone far beyond its strict obligations 
to address any stated Soviet concerns. 
Unfortunately the Soviets have not 
been as forthcoming. U.S. statements 
of concerns and requests for corrective 
action have been made to the Soviets 
in the Standing Consultative Commis­
sion (scc) and even by President Rea­
gan during his talks with Mr. Gor­
bachev. The Soviets have not provid­
ed explanations sufficient to alleviate 
U.S. concerns, nor have they taken 
the actions necessary to correct exist­
ing violations. They simply make im­
plausible arguments (as Nincic notes) 
and assert that they are in complete 
compliance. 

Nincic missed a final point. Arms­
control violations cannot be written 
off as understandable factors in super­
power competition. Such an approach 
to arms-control compliance is unac­
ceptable and somewhat cavalier. So­
viet violations endanger the viabili­
ty of the arms-control process, since 
compliance cannot be unilateral. For 
one side (the U.S.) to adhere and for 
the other side (the U.S.S.R.) not to ad­
here does not constitute real arms con­
trol. Rather, it constitutes a dangerous 
form of unilateral disarmament in the 
guise of bilateral arms control. This is 
no basis on which to build a founda­
tion of real arms control that can con­
tribute to national security and inter­
national stability. 

Deputy Director 
U.S. Arms Control 

DAVID F. EMERY 

and Disarmament Agency 
Washington, D.C. 

To the Editors: 
Let me briefly address the main 

points raised in David F. Emery's cri­
tiq ue of my article on Soviet SALT 
compliance. He and I obviously agree 
about the Krasnoyarsk radar, but Em­
ery raises three additionallssues. Two 

are relevant to the article, but his first 
point is simply a statement about Sovi­
et adherence (or lack thereof) to the 
Geneva Protocol on chemical and bi­
ological weapons. Since I dealt ex­
clusively with matters of SALT com­
pliance, that is, with issues related 
to strategic weaponry, chemical and 
biological weapons were outside the 
scope of the article. I have not person­
ally examined charges in this area, but 
I can refer the reader to the work 
on this subject by Matthew Meselson 
of Harvard University [see "Yellow 
Rain," by Thomas D. Seeley, Joan W. 
Nowicke, Matthew Meselson, Jeanne 
G uillemin and Pongthep Akratana­
kul; SCIENTIFIC AMERICAN, Septem­
ber, 1985]. 

The two subsequent points do not 
involve any new material or informa­
tion, nor do they deal with specific is­
sues raised in the article. Rather, they 
are broad indictments of the article 
stemming in part from an insufficient­
ly careful reading. Both points concern 
the question of whether the two su­
perpowers share some culpability for 
noncompliance. I did not state that 
both countries are equally culpable 
but rather that while the U.S. has ad­
hered more rigidly to a strict interpre­
tation of treaty obligations, it has not 
let a narrow interpretation of those ob­
ligations stand in the way of what were 
deemed to be defense needs. Nor did 
I suggest that violations were in any 
ethical sense acceptable, or that they 
would occur in an ideal world. I indi­
cated only that behavior skirting the 
edges of the permissible is, given the 
depth of the u'S.-Soviet rivalry, prob­
ably inevitable, and that this does not 
necessarily negate the value of arms 
control. Neither side appears willing 
to subordinate perceived national-se­
curity imperatives to its treaty obliga­
tions, although neither seems willing 
to violate treaty provisions openly (ex­
cept in the case of the Soviet radar at 
Krasnoyarsk). 

Simple formulas provide easy, pre­
dictable and quite often psychologi­
cally comforting interpretations of the 
world but rarely an adeq uate guide 
to constructive policy. In the realm of 
arms control it is important to remem­
ber that the benefits of treaties are 
contingent not only on an absence of 
ambiguous compliance behavior but 
also on the security and the econom­
ic benefits that such agreements may 
provide. 

MIROSLAV NINCIC 

Department of Politics 
New York University 
New York, N.Y. 
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INCREDIBLE VACATIONS 
FOR INa MINDS . 

.-..,... 

Ontario is timeless. Search for 
135 million year old fossils one day, 
take a round trip to Jupiter 
in 2019 A.D. the next. 

Or, enjoy a superb 
meal in 1986. The ages 
mingle in Ontario. The 
sciences, the arts and 
history live side by side. 
Ontario is the vacation 

Past, present andJuture 
mingle in Ontario. 

spot made for time 
travellers. 

With the great ex­
change rate, your 

U. S. travel dollar goes a lot farther. 
Visit the ages in incredible Ontario, 
Canada. 

For more information about 
Ontario vacations, call us TOLL 
FREE at 1-800-268-3735. 
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The personal computer that 
continues to raise 

high performance to new heights. 
If you work with high volumes of 

information, you need answers fast. 
Which is why IBM created the Personal 

Computer AT� The PC designed to push 
high performance even higher. 

T he power of 
Ad vanced Technology. 

Turn on the power, and you'll notice the 
advances right away. 

To begin with, the Personal Computer AT 
can compute with astonishing speed. That's 
something you'll appreciate every time you 
recalculate a spreadsheet. Or search 
through a data base. 

It can store mountains of information­
up to IS,OOO pages' worth-with a 30-
megabyte "hard file" (fixed disk). And 
when business gets bigger, you can double 
your capacity to 60MB with a second hard 
file. 

Advanced Technology 
advances again. 

Fast as it is, new models of the Personal 
Computer AT run up to 33% faster. 

Plus, you can now select an enhanced 
keyboard. It has separate cursor keys, a 
separate numeric keypad (for easier data 
entry) and twelve function keys. It also has a 
main typing section patterned after the classic 
IBM Selectric® keyboard, which makes word 
processing easier than ever. 

In addition, you can also choose a new 
option that lets you use 3.S-inch diskettes 
with your Personal Computer AT. 

Family ties. 

The Persona] Computer AT is compatible 
with the IBM PC and PC/XT. So it can run 
many of the thousands of programs written 
for the IBM PC family. 

And with new IBM products, the Personal 
Computer AT can more easily communicate 
with other PCs. 

IBM's networking options, for example, 
let you share files from a variety of popular 
programs. 

While the IBM PC 3270 Emulation pro­
grams let you retrieve infonnation from a 
mainframe. 

You can also use the Personal Computer 
AT to nm IBM PC XENIX® -an enhanced 
multi-user, multi-tasking operating system. 

A powerful value. 

Only the Personal computer AT offers 
these capabilities and IBM's commitment to 
quality, service and support. A combination 
that can't be cloned. 

Better still, you'll find that the new 
models offer higher performance without a 
higher price. And if you qualify, you can 
conveniently charge your Personal Computer 
AT on IBM's Credit Card. Or lease one with 
the IBM Commercial Lease Agreement. 

See the Personal Computer AT at an 
Authorized IBM PC Dealer. Or call your 
IBM marketing representative. 

For the name of a store near you, call 
1-800-447-4700. In Alaska, call 1-800-
447-0890. 

The IBM Personal Computer AT, 
for Advanced Technology. 

IBM, PC/XT and Personal Computer AT are trademarks of International Business Machines Corporation 
XENIX' is a registered trademark of Microsoft Corporation. Based on System V. 

© 1986 SCIENTIFIC AMERICAN, INC



===-.=® 
- - ---

- -- ---

- -- ---

- - - ---

---- - -

---_.-

©Copyright IBM Corporation 1986 

© 1986 SCIENTIFIC AMERICAN, INC



50 AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

AUGUST, 1936: "One of the most 
significant developments of air trans­
port is the increasing size of units and 
the definite certainty that still larger 
planes will shortly find their place in 
the air lanes, both over land and over 
sea. Having fledged their wings to a 
point which makes possible a high de­
gree of reliability of operation coupled 
with speed at least three times that of 
surface transportation, passenger lin­
ers for the overland route and flying 
boats for the overseas services, which, 
before the year is out, will bring both 
major oceans into the scheduled air­
line map, are ready to expand in di­
mensions for increased comfort and 
increased economy." 

"The day of miracles in aeronautical 
research is passing. In the future we 
must expect steady improvement and 
refinement without such radical de­
partures as in previous years, at least 
until we come to rocket flight, or flight 
at 50,000-feet altitude." 

"Science and mathematics profes­
sors in the colleges now regard the 
present crops of high school graduates 
as inferior in basic training to those 
students who entered college only 10 
years ago. This is the unfortunate re­
sult of a recent trend in education 
wherein more stress is placed on the 
mechanics of teaching than on knowl­
edge of the subject matter. These facts 
have been brought out by a commit­
tee of the American Chemical Socie­
ty who charge that the 'professional 
teacher training' group among educa­
tors has secured a monopoly of the 
education machinery." 

"It is fashionable in certain quarters 
to attack the modern streamlined car 
as unsafe. The commonest criticism is 
that these efficient cars are too highly 
powered and therefore tempt drivers 
to excessive speeds. Another criticism 
is that streamlining and lower passen­
ger seating decrease visibility. It is also 
claimed that modern cars have poor 
roadability. High steering ratios are 
said to produce sluggish control. Low 
ground clearances are held to be a 
source of danger to the transmission 
and exhaust systems. Poor ventilation 
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and exhaust gas fumes are stated to be 
the direct cause of frequent accidents. 
A careful statistical study made by the 
Travelers Insurance Company seems 
to refute these views, and to place 
greater blame on the driving public 
than on the design or condition of 
automobiles in service." 

"On June 10th radio communica­
tion hailed the approach of new ser­
vices by which businessmen will send 
one another entire letters by radio 
instead of terse lO-word telegrams 
and by which social notes will speed 
through space to be received and de­
livered in the exact handwriting of the 
senders. The occasion was the first 
demonstration of RCA's new ultra­
short-wave radio circuit connecting 
New York and Philadelphia. The cir­
cuit makes possible the transmission 
of drawings, type matter and hand­
writing in facsimile." 

AUGUST, 1886: "The carefully 
conducted experiments of M. Marcel 
Deprez, on the transmission of elec­
tricity over long distances, have finally 
resulted in success. After many trials 
and difficulties, the conductors estab­
lished between Creil and Paris be­
gan to work satisfactorily. The power 
transmitted, and rendered available at 
the receiving station, was found by 
measure to be 50 horse power, an effi­
ciency of 47 per cent. As the distance 
between Creil and Paris is almost 32 
miles, this result is not unsatisfactory." 

"The introduction of the pneumatic 
movement for organs was one of the 
great steps in the development of this 
instrument. By means of the move­
ment the strain of opening the pipe 
valves was removed from the fingers 
of the performer. Now there is another 
improvement. It calls electricity into 
play, and the pneumatic movement is 
controlled by the electric current." 

"During the last thirty days all the 
colleges, high schools and other ad­
vanced institutions of learning have 
held their commencements and thrust 
their graduates out upon the world. 
The number of these young persons 
probably reaches tens of thousands, 
but of them all, perhaps not two per 
cent have learned how to do anything. 
The education has been of the head 
alone, and not at all of the hand. As a 
consequence we import from Europe 
every year thousands of skilled work­
men, while our own young people are 
driven into poorly paid clerkships or 

persuaded to attempt success in the 
overcrowded professions." 

"The volume of the United States 
Census Reports of 1880, which has 
been issued recently, furnishes an in­
teresting mass of facts bearing on the 
length of life. During the census year it 
appears that of a hundred deaths re­
ported, forty were of persons under 
five years of age, fifty-two were of per­
sons under twenty, and only twenty­
two were of persons over fifty. Only 
about ten per cent survive their three­
score years and ten." 

"We have received a large num­
ber of communications discussing the 
problem of horizontal curve pitching 
in baseball. From an examination of 
the almost unanimous testimony thus 
submitted, and from an independent 
consideration of the problem on its 
own merits, it appears the horizontal 
curve is in the same direction that the 
ball is rotating and not in a contrary di­
rection, as stated by our contributor, 
Mr. Chadwick, in the original article." 

"Mr. Verbeck, who was deputed by 
the Dutch Indian Government to re­
port on the origin and character of the 
volcanic outbreak in the Sunda Straits 
in August, 1883, has published his re­
port. He calculates that the amount of 
ejected matter from Krakatoa must 
have been at least 10 cubic miles." 

"The framing for the Statue of Lib­
erty has been finished with the excep­
tion of two small parts-that support­
ing the right hand and that of the head. 
The shell of the statue has been carried 
up only a short way. It is extremely 
doubtful whether the statue can be fin­
ished by the 3d of next month, which is 
the date set for what we may term the 
unveiling." 

Liberty's face from the inside 
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WIDE OPEN SPACES 
Toyota's WonderWagon has enough room to pack in the 
troops, seven passengers, or even a load of antiques. T he 
quick-release rear and middle seats are a snap to remove. 
It also packs in a 2.2 liter engine with plenty of get-up-and-go 
for your dashes from home, to school. to lessons. Yet it still 
packs in great mileage. * Maneuver yourself into Toyota's 
WonderWagon-you and the troops deserve its style. 

GETS INTO TIGHT PLACES 
Toyota WonderWagon's \5'\" turning 
radius makes it a cinch to handle in 
traffic and tight parkipg spots. 

Get 
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The Most Important Natura1 
The 50th Anniversary Edition 

�fYt-/0tY-1#-� 
o (J FIELD GUIDES 

Bound in rugged, genuine leather 
and accented with 22kt gold. 

Rugged top -grain leather covers 
are weather resistant. 

Each Guide is a convenient 4%" x 7�" size. 

I n the 1930's, Roger Tory Peterson saw a 
-

dream come true ... with a single book he 

turned bird watching and the appreciation 

of nature into one of the most popular 

pastimes in America 
That book? A Field Guide to the Birds. 
Since then, many more books have 

followed ... a breathtaking array of Roger 
Tory Peterson Field Guides - written by 
Peterson and leading experts - covering 

the full spectrum of nature: Birds, 
Butterflies, Wildflowers, Sea Shells, Stars 
and Planets, Weather and Atmosphere, 
Trees and Shrubs, Coral, Rocks and 
Minerals, Freshwater Fish - some 35 titles 
in all. Together, they unlock the whole 
world of nature - enabling you to see, 
know and identify all of nature's wonders 

immediately by sight and by name. 

A 50th anniversary "lifetime" edition. 
Now, for the first time ever, and in honor of 

their 50th anniversary, this complete col-

The rugged leather covers are flexible - easy to handle and use. 

lection of Roger Tory Peterson Field Guides 
- will be bound in rugged, beautifuL 

genuine leather, housed in a hardwood 
display case and contain a volume 
autographed by Dr. Peterson. 

The Easton Press has created an edition 
of superb quality. Each Guide is bound in 

beautiful, ruggedly supple leather. Each 
weather resistant cover is deeply embossed 

with a golden design. A ribbon marker is 

permanently affixed into each binding. And the 
papers used are groundwood-free, made to 
capture the full-color fidelity of illustrations. 
Each is thread-sewn to last for generations. 

An autog.raphed edition. 
Roger Tory Peterson, a man who has 
earned numerous awards, including The 
Presidential Medal of Freedom, is generally 
acclaimed as the best known bird artist since 

John James Audubon. Throughout the 
collection, key illustrations chosen by 

Peterson from his archives will be newly 

added to the Guides. You will also receive 
the classic A Field Guide to the Birds 
signed personally by Dr. Peterson. 

Attractive hardwood display case 
free of additional charge. 

This collection will create an exciting 
presence in your home. And your 

collection will have a proper setting! At no 
additional charge, you will receive an 

impressive hardwood display case, allowing 

you to show your books to their best 
advantage, while lending warmth and 
dignity to your home. 

Available exclusively from 
The Easton Press. 

The authorized 50th anniversary leather­
bound edition will be available exclusively 

from The Easton Press. None will be sold in 
book stores. 

You need send no money now. Simply 
complete the Preferred Subscription Reser­
vation and mail it today. 
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History Library Ever Created. 

Prompt action required. 
You are urged to mail your reservation 

promptly. This special edition may not be 

offered again. 

This hardwood display case will be provided at no 
additional charge. 

Sponsored By The National Audubon Society And The National Wildlife Federation 

r----------------------------------
Preferred Subscription Reservation 354 

ROGER TORY PETERSON FIELD GUIDES 
The Easton Press 
47 Richards Avenue 
Norwalk, Conn. 06857 

No Payment Required. 
We will bill you. 

Please send me the first volume of the Roger Tory Peterson Field Guides bound in genuine leather 
and reserve a subscription in my name. Further editions will be sent at the rate of one book per 
month at $29.75' each. This price will be guaranteed for the next two full years. I understand that I 
may return my book within 30 days for a refund, and that either party may cancel this subscription 
agreement at any time. 'Plus $2.50 per book for shipping and handling. 

o As a convenience, I wish to pay for my first Name _______________ _ 

book now. I enclose $29.75 (plus $2.50 ship-
ping and handling - a totaf of $32.25"). Address ______________ _ 

o Please charge each monthly shipment to my 
credit card: City 

o VISA 0 MasterCard 
State _____________ Zip __ 

Signature ______________ _ 

Credit Card No. Expiration Date 

"Conn. residents pay $34.67 to include sales tax. Please allow 8-12 weeks for shipment. © 1986 SCIENTIFIC AMERICAN, INC



THE AUTHORS 
JOHN PRADOS, JOEL S. WIT 

and MICHAEL J. ZAGUREK, JR. 
("The Strategic Nuclear Forces of 
Britain and France"), share an interest 
in arms-control and defense policy. 
Prados, who holds a Ph.D. in political 
science from Columbia University, 
has authored several books, including 
The Soviet Estimate: u.s. Intelligence 
Analysis and Russian Military Strength 
(Princeton University Press, 1986) and 
The President's Secret Wars (William 
Morrow and Company, forthcoming). 
He has designed a number of commer­
cial war-simulation games. Wit, an an­
alyst in the Bureau of Intelligence and 
Research of the U.S. Department of 
State, studied at Columbia, receiving 
a master's degree in 1979 from the 
School of Public and International Af­
fairs: He has held several positions 
dealing with national-security issues, 
most recently as a consultant for the 
Congressional Research Service of the 
Library of Congress. Zagurek, who 
works for the Digital Equipment Cor­
poration, got his master's degree from 
Columbia'S School of Public and In­
ternational Affairs in 1979. He has 
spent a number of years designing and 
programming computer simulations 
of nuclear war. The views in the article 
are the authors' own and are not meant 
to represent those of their employers. 

DAVID R. NELSON ("Quasicrys­
tals") is professor of physics at Har­
vard University. He studied at Cornell 
University, where he earned an A.B. 
(1972), an M.S. (1974) and a Ph.D. 
(1975). After completing his doctorate 
he worked as a research associate at 
Cornell and then moved to Harvard as 
a junior fellow. In 1978 he joined the 
faculty at Harvard, and he was made 
full professor in 1980. He was award­
ed a five-year MacArthur fellowship 
in 1984. Nelson's research interests 
include phase transitions, turbulence, 
liquid crystals and the statistical me­
chanics of glass. 

ALAN FINE ("Transplantation in 
the Central Nervous System") works 
in the Molecular Neurobiology Unit 
of the Medical Research Council in 
Cambridge, England. His undergradu­
ate studies were done at Harvard Uni­
versity and were punctuated by years 
spent in France and Israel. He went on 
to pursue graduate studies in physiolo­
gy and veterinary medicine at the Uni­
versity of Pennsylvania. After gradu­
ate school he held postdoctoral fellow­
ships at both the National Institute 
of Mental Health and the Weizmann 

14 

Institute of Science in Israel. Fine has 
been in Cambridge since 1983. 

R. STEPHEN CRAXTON, ROB­
ERT L. McCRORY and JOHN M. 
SOURES ("Progress in Laser Fusion") 
work at the Laboratory for Laser En­
ergetics of the University of Roches­
ter. Craxton is senior scientist in the 
laboratory's theoretical division. He 
got his B.A. (1970) in mathematics 
from the University of Cambridge and 
his Ph.D. (1976) in physics from the 
Imperial College of Science and Tech­
nology in London. After finishing his 
graduate education Craxton moved to 
the University of Rochester, where his 
main research interest is the comput­
er simulation of laser-produced plas­
mas. McCrory, who holds a B.S. and 
a Ph.D. from the Massachusetts Insti­
tute of Technology, is professor of me­
chanical engineering at Rochester and 
director of the Laboratory for Laser 
Energetics. He was staff physicist at 
the Los Alamos National Laboratory 
before going to Rochester. McCrory 
has served as vice-chairman and trust­
ee of the Consortium for Scientific 
Computing, Inc., in Princeton, and he 
is a consultant to several private and 
governmental organizations. Soures is 
deputy director of the Laboratory for 
Laser Energetics and director of its ex­
perimental implementation division. 
He studied at the University of Roch­
ester, receiving three degrees: a B.S. 
(1965) in physics and an M.S. (1967) 
and Ph.D. (1970) in mechanical and 
aerospace sciences. After getting his 
doctorate Soures joined the labora­
tory, where he has been designing and 
developing high-power lasers. 

PAUL C. MANGELSDORF ("The 
Origin of Corn"), Fisher Professor 
Emeritus of Natural History at Har­
vard University, is a leading authority 
on corn genetics, having devoted most 
of his career to the study of corn. The 
son of a Kansas florist and seedsman, 
Mangelsdorf developed an early inter­
est in plant cultivation and studied 
plant breeding at Kansas State College 
and at Harvard, where he got an Sc.D. 
in 1925. After 13 years of breeding 
new varieties of corn, wheat, oats and 
barley at the Texas Agricultural Ex­
periment Station, he returned to Har­
vard to teach in 1940, and he later be­
came the director of its botanical mu­
seum. For many years he also served 
as an adviser to agricultural programs 
sponsored by the Rockefeller Founda­
tion in Mexico and South America. In 
1968 he retired to Chapel Hill, accept-

ing an appointment as a lecturer at 
the University of North Carolina. His 
chief interests now, aside froni corn, 
are his grandchildren (who have pro­
vided material "for a fascinating study 
in human genetics"), bird watching 
and philanthropy. 

GEORGE E. WILLIAMS ("The 
Solar Cycle in Precambrian Time") 
is principal research geologist in the 
minerals-exploration department of 
the Broken Hill Proprietary Company 
Ltd. in Adelaide, Australia; he is also 
an adjunct professor of planetary sci­
ences at the University of Arizona. Af­
ter receiving an M.Sc. in geology from 
the University of Melbourne, he went 
to England on a scholarship and got a 
Ph.D. in sedimentology from the Uni­
versity of Reading in 1966. He has 
worked as a prospector for minerals in 
many countries besides Australia, in­
cluding Britain, Algeria, Turkey, Can­
ada and the U.S. At the same time Wil­
liams has pursued his other main re­
search interest, which is the subject of 
his article: reconstructing solar and 
geophysical history through the study 
of ancient sedimentary rocks. 

CHARLES C. COUTANT ("Ther­
mal Niches of Striped Bass") is man­
ager of the U.S. Department of Ener­
gy's global carbon-cycle program at 
the Oak Ridge National Laboratory. 
He was both an undergraduate and a 
graduate student at Lehigh University, 
where he received his Ph.D. in 1965. 
After working as a research scientist at 
the Pacific Northwest division of the 
Battelle Memorial Institute, he moved 
to Oak Ridge, where he has held vari­
ous positions in the environmental-sci­
ences division. For most of his career 
Coutant has studied the impact of hu­
man activity on the natural environ­
ment, and in particular the effects of 
dams and power plants on the ecology 
of rivers and streams. 

NORMAN HAMMOND ("The 
Emergence of Maya Civilization") is 
professor of archaeology, anthropolo­
gy and classics at Rutgers University; 
he is also director of the university's 
archaeological research program. Af­
ter getting his Ph.D. in 1972 from the 
University of Cambridge, he stayed on 
as fellow at the Centre of Latin Ameri­
can Studies. He then taught at the Uni­
versity of Bradford in England and 
at the University of California at 
Berkeley before joining the faculty 
of Rutgers in 1977. He has directed 
investigations of Maya sites in Belize 
since 1970. In addition to the Maya, he 
is studying early settlement and trans­
Andean communication in southern 
Ecuador. 
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Why wait for the 
digital future when 
NewYorklelephone can 
connect you to it now? 

Our newest services can start moving 
your business towards the Integrated 
Services Digital Network. 
The future of business communications lies in an 
international, end-to-end digital communica­
tions network called ISDN. The Integrated 
Services Digital Network . 

This network, now in development, will 
dramatically improve the quality and efficiency 
of daily business communications. Soon ISDN 
will carry video, voice, and data worldwide with 
speed, accuracy, and economy never before seen . 

And you can benefit from ISDN technology 
right now. Because New York Telephone has 
designed a family of digital communications 
services called NYNEX PathwayssM services 
as the first steps towards ISDN. 

Six Pathways services are already avail­
able. And as new ISDN technology develops, 

New York Telephone will update and expand 
the network . 

Through Pathways services, you can take the 
first steps towards ISDN and the digital future 
now. For more information, call one of the 
sales agents below or New York Telephone at 
1800942-1212, ext. 25. 

C::::::::::::::::::::::::::::::::::::::::::::::::::::::::�NeVVYOrkVVOrkson NevvYork Telephone. 

© New York Telephone 1986 NYNEX and Pathways are service marks of NYNEX Corporation. 

AIM 
Telephones Inc. 
I 212 684-9000 

ALL-Mode 
Communications,lnc. 

I 607 347-4164 

NYNEX Business Information Systems 
I 800 346-9X 9X 

DIAL 
Communications,lnc. 

1 212 868-6677 

ET CO 
Communications Inc. 

1 212 242-9135 

Ronco Communications & Electronics,lnc. 
1 716 879-8100 

@ New"\brkTelephone 

Executone 
Long Island 

I 516 582-3200 

A NYNIU!: Company 

Gaffney 
Communications.lnc. 

I 315 797-8222 

IPC 
Communications.lnc. 

1 212 825-9060 

Tel Plus, Inc. Standard Telecommunications, Inc. 
1 212 532-5440 I 800 TEL-PLUS 
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Introducing 

Thndem technology sets the new standard 
for large applications in on-line transaction processing. 

More transactions per second 
at a lower cost per transaction than any �tem in the world. 

TIlE cmCUITRYS FASt 
We a::signed the s}Stem in our own laboratory, 
right down to our own unique VlSI chips. The 
result is more circuitry in less space. With fewer 
components than our next largest s}Stem, the VLX 

a::livers twice the 
performance and 

three times the 
reliability. 

PROCESSORS WITH lARGE APPETITFB. 

The VLX processors move transactions in 32-bit 
chunks. They reach into main memory in 64-bit 
chunks. Because this happens in parallel, more 
work gets done in less time at a lower coot per 
transaction. 

TIlE SERVICE IS EASY 
All critical components are field replaceable. 
When service is required, its faster. You 
don't even have to stop an operation 
to add or replace components. 

TIlE DATA EXPRESSWAY 

In a conventional database, I/o requests must 
be handled sequentially. This creates queues 
that slow response time. In the VLX s}Stem, there 
are multiple paths to multiple disks. Data enters 
and leaves the database Simultaneously. No time 
is wasted, and all disk space gets used. 

DIAGNOSTICS FROM A DISThNCE. 

An integrated microprocessor allow.; us to monitor 
the s}Stem environment from anywhere in the 
world. We can even run stress tests remotely. If a 
failure does occur, the VLX has the capability to 
automatically dial out to remote centers any­
where in our worldwide network. 

TIlE SYSTEM KNOWS TIlE SYMPTOMS. 
Expert s}Sterns software, using fault anal}Sis, di­
rects tl1e problem diagnoois s}Stematically. It also 
allow.; us to anal)'2e it and shorten service time 
even more. 

NO GROWING PAINS. 

To add power, just add processors. You can grow 
from a base four-processor s}Stem to 16. From 
there, you can expand in whatever increl11ents you 
choose, all the way to 255 s}Sterns. You never buy 
more than you need, and you'll never have to 
rewrite a line of applications code. 

200 

100 

NO-FAULT INSURANCE. 

Tandem s}Sterns achieve fault-tolerance with a 
unique, parallel processing architecture. There 
are no idle back-up components. Instead, multiple 
components share the workload. If one goes down, 
the otl1ers pick up the slack, and application 
processing is uninterrupted. 

HERE TODAY HERE TOMORROW. 

The VLX is compatible with any Tana::m s}Stem 
and with all major communications standards-
SNA, X.25, MAP and O.S.I. And by acting as a 
gateway to other vendors' s}Sterns, the VLX can � I link them and enhance tl1eir value as well. 

WE HAVE EXCELLENT REFERENCES. 

- 'TImdem s}Stems are already at work for Fortune 
500 companies in banking, telecommunications, 
manufacturing, transportation, retailing 

SECRITS ARE SAFE. 

and energy, as well as several branches of the 
u.s. Government. 

To find out what we can do for you, call 800-
482-6336 or write to us. Corporate Headquarters: 
Tana::rn Computers, Incorporated, 19191 Vallco 
Parkway, Loc. 4-31, Cupertino, CA 95014 We offer software that will protect the security of 

your data whether it's in the VLX, in another 
Thna::m $}Stem or in transmission. �TANDEMCOMPUTERS 
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COMPUTER 
RECREATIONS 

Digital prestidigitation: the fine art 
of magic and illusion by computer 

by A. K. Dewdney 

Put the words "magic" and "com­
puter" in the same sentence and 
you are likely to throw a rational 

person into a state of cognitive disso­
nance. How could magic, the essence 
of a shadowy world we chain off with 
links of logic, invade the computer, the 
primary expression of our rationality? 
The dissonance lies in the word "mag­
ic" as a symbol of the supernatural. In 
reality magic is a piece of the natural 
world, and magicians are logical folk. 

To bring off a feat of magic three 
things are sufficient, if not always nec­
essary: audience, props and presenta­
tion. I have seen magic done without 
props but never without an audience; 
any audience will do, but I must leave 
the hornswoggling to the aspiring ma­
gician. A computer, however, makes a 
very clever prop, and I shall assume 
here that the magician can material­
ize at least a microcomputer. Simple 
programming enables the machine to 
guess a card drawn at random, to en­
gage in numerical precognition and to 
determine the identity of a card by te­
lepathy, all to the consternation of a 
hapless volunteer. In fact, even a hand 
calculator is enough to put you into 
the business of mind reading. 

So much for audience and props. 
Presentation is everything else. It con­
verts the inner logic of a trick into an 
outer appearance. Real magic holds 
the stage only for as long as the magi­
cian can sustain and manipulate cer­
tain beliefs in the minds of the audi­
ence. Each belief seems to lead inexo­
rably to the next one, until there is an 
astonishing denouement. Sometimes it 
helps to weave a spell before begin­
ning a trick, and there is plenty of 
mumbo jumbo for that purpose avail­
able from computer science. You are 
advised to use it liberally with the 
uninitiate and judiciously with the 
knowledgeable. Here is how the first 
feat of magic might be introd uced: 

"Ladies and gentlemen, sooner or 
later it was bound to happen. A break-

through in artificial intelligence has 
made it possible for computers to read 
the human mind. The theory of recur­
sive nondeterminism guarantees that a 
certain non polynomial algorithm, first 
described by the famous Tibetan com­
puter scientist Professor Yan Kee, will 
always emerge from infinite loops. 
Step by step the program cycles 
through a semi-infinite stochastic data 
structure, retrieving logical primitives 
and compiling them into data-base 
queries . . . .  [One may ramble in this 
way for some time.] May I have a vol­
unteer from the audience, please." 

The unfortunate volunteer is intro­
duced and then asked to pick a card 
from a deck at random. Any card will 
do. The magician holds up the card for 
all to see. Suppose it is the six of clubs. 
This is a good time to make an even 
bigger fool of the volunteer. The ma­
gician says: "Please press the card 
against your forehead and concentrate 
hard. Your mind and the programmed 
mind of the computer must reach a 
state of simulated simultaneity." 

The magician then goes to the com­
puter keyboard and starts the pro­
gram. Immediately a message appears 
on the screen. The magician reads the 
following dialogue aloud for the bene­
fit of the audience: 

"IS THE SUBJECT CONCENTRATING?" 
(The computer speaks in capital let­
ters.) "Yes." (The magician types the 
answer.) 

"IS THE CARD BLACK?" "Yes." 
"IS IT CLUBS?" "Yes." 
"IS IT AN 8 OR LESS? " "Yes." 
"IS IT A 5 OR MORE?" "Yes." 
"IS IT A 5 OR 6?" "Yes." 
"IS IT A 6?" "Yes." 
Time after time the program zeros 

in on the selected card by asking sev­
en questions. Amazingly, the answer 
to every question is yes, as though 
the program merely wanted confirma­
tion. Readers might well wonder how 
the trick is accomplished. Ordinarily I 
would hesitate to satisfy that curiosity: 

there is an unwritten code among ma­
gicians that forbids revealing sleights 
of hand. The magician's livelihood 
depends on an air of impenetrable 
mystery, and so I cannot disclose the 
basis of all the tricks presented here. 
For this clever card trick, though, I 
have permission to go public from my 
source Christopher Morgan, a former 
practicing magician. Morgan is now 
an executive at the Lotus Develop­
ment Corporation in Cambridge; pre­
sumably his livelihood is no longer 
based on magic. 

When the volunteer draws the card 
from the deck, the magician notes it 
carefully, then strides with a flourish 
to the keyboard and types "yes" in an­
swer to each question. Each "yes," 
however, may be accompanied by an 
unobtrusive stroke of the space bar. 
The presence or absence of the space 
bar is not really the answer to the pre­
ceding question; instead it determines 
the content of the next one. Thus when 
Professor Yan Kee's fabulous pro­
gram asks, "IS THE SUBJECT CONCEN­
TRATING?" the magician types y e s  
space bar only if the selected card is 
black. If the card is red, the magician 
types y e s  only. The program then 
knows enough to ask the right question 
at the next stage. If the magician typed 
a space, the program asks, "IS THE 
CARD BLACK?" Otherwise it asks, "IS 
THE CARD RED?" 

In this way the magician guides the 
program down the branches of an im­
plicit binary tree; the hidden logic en­
codes all the choices needed to identi­
fy any card in the deck [see illustration 
on next page]. For example, after the 
color of the selected card is deter­
mined, the next choice governs its suit. 
Once the computer "learns" the card is 
black, the magician can secretly tell it 
whether the card is clubs or spades. If 
the card is red, the next step is to distin­
guish hearts from diamonds. All the 
remaining choices govern the value of 
the card: from ace, 2 and 3 up to jack, 
queen and king. Since there are 13 pos­
sible values, four questions must be 
asked to distinguish among them. 

It is essential that the magician mis­
direct the audience each time the space 
bar is touched. The simplest misdirec­
tion is based on the carriage-return key 
(called variously "return" or "enter"). 
Since it must be pressed each time the 
magician's answer is entered, a great 
flourish can be made of pressing it 
with the right hand while the left hand 
quietly trips the space bar. Practice 
makes perfect. 

The program I call YAN KEE is long­
ish but quite easy to write. It is divided 
into 3 1  small sections, corresponding 
to the total number of distinct ques­
tions it must be able to ask. All the sec-
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tions have the same basic algorithmic 
structure: 

xx output "IS THE CARD BLACK?" 
input characters 
compute number of characters 
if number of characters = 4 

then go to YY 
else go to zz 

Here xx stands for a line number 
or label to which the execution of the 
program has passed after the first in­
put y e s  space bar in my example. 
After printing the question appropri­
ate in this section, the program accepts 
the magician's input characters and 

simply counts them. If four charactcrs 
were typed, the magician must have 
hit the space bar. In this case execution 
passes to the program section labeled 
YY, which begins with the question "IS 
IT CLUBS?" If, on the other hand, the 
magician did not press the space bar, 
the program branches to the section la­
beled zz, which begins with the q ues­
tion "IS IT SPADES?" All would-be ma­
gicians must memorize the decision 
process inherent in the space-bar op­
tion at each level of questioning. 

The next feat of programmed leg­
erdemain was suggested by Michael 
Rohregger, a reader in Linz, Austria. 
The computer magician, having ap-

pealed to the same questionable theo­
ries outlined earlier, now advances the 
claim that a second program is ahle to 
divine a person's thoughts even before 
they occur to the thinker! Unfortu­
nately, the magician goes on, develop­
ment in this area is not yet complete, 
and so the program succeeds only 
most of the time. A volunteer is sum­
moned from the audience, seated in a 
chair and asked to choose between the 
two bits, or numbers, 0 and 1. To keep 
the volunteer from being distracted by 
the computer monitor it may be best if 
both the vol unteer and the monitor 
face the audience. 

The volunteer calls out a number 

________ SUBJECT CONCENTRATING? _______ 
II 

----- ----
II 

----- ----
• • .. • 

/ \ / 

/ \ / \ / \ 

] ]]]]] 
/ \ 1\ /\ I \ I \ 1\ 

J]]J ]]]]]]]] 

\ 

] 

The secret decisioll tree for Christopher Morgall's computer card trick, with selected cOlltilluatiolls 
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Dr. Donald P. Ames 

One Fellow who 
is making the world 
we'll live in tomorrow. 

Dr. Donald P. Ames is an exceptional achiever 
in technology - as such he has been named 
McDonnell Douglas Distinguished Fellow. 
Dr. Ames is the first to earn this honor, 
the highest the company bestows upon its 
scientists. Dr. Ames is general manager of the 
McDonnell Douglas Research Laboratories, 
a position he has held for the past 15 years. 

A man of many talents. 
Dr. Ames has marked his passage across 
a spectrum of scientific fields, including 
nuclear fission, instrumentation, low­
temperature physics, materials, lasers and 
particle beams. His research in these fields 
has earned him numerous honors, and has 
led to assignments on national scientific 
committees. 

McDonnell Douglas searches out and 
develops men and women who are creative 
leaders in their work. It surrounds them with 
challenges to be met and provides the 
facilities to fulfill their potential. It offers 
opportunities for advancement and 
recognizes their accomplishments. 

As the Distinguished Fellow, Dr. Ames 
joins 25 previously appointed Fellows who 
bring progress and honor to the company. 
These remarkable individuals represent in 
the world of technology what the Albin 
Polasek sculpture shown here represents 
in art: Mankind carving its own destiny. 

"Man Carving Out His Destiny" 

MCDONNELL DOUGLAS 

© 1986 McDonnell Douglas Corporation 
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Magic product of two "co/iI/ear" I/llmbers 

and the magician and the audience 
compare it with a digit already dis­
played on the monitor. If the digits are 
the same, the magician nods sagely. If 
they are different, the magician ex­
plains that it may take some time for 
the program to tune in to the volun­
teer's mental processes. (Indeed, the 
volunteer can always be blamed for 
causing "statistical static.") The magi­
cian presses a key and the program 
predicts the next bit to be chosen by 
the volunteer. The volunteer is asked 
to choose again. The experiment is 
repeated as many times as it takes for 
the program "to synchronize or near­
ly synchronize with the volunteer's 
space-time thought framework." Ev­
ery time the volunteer calls out a num­
ber the magician nods and smiles if the 
machine is right and frowns patiently 
if there is a failure. 

At first the program appears to 
score no better than chance: it is right 
only about 5 0  percent of the time. As 
the experiment is repeated, however, 
there is a marked improvement: the 
program tends to score at least 60 per­
cent, and in some cases it may do con­
siderably better. Here is how it works. 

The program, called PREDICTABIT, 
maintains a 16-by-2 array called sub­
ject. Each of the 16 rows is indexed by 
one of 16 possible sequences of four 
consecutive bits. The columns of the 
array represent the two possible bit 
choices, 0 and 1. The first entry in a 
row is the number of times the volun­
teer has chosen a 0 immediately after 
choosing the sequence of bits corre­
sponding to the row index. The second 
entry is the number of times the volun­
teer has followed the seq uence by a 1. 

For example, suppose the volunteer 
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has chosen the bits 0, 1, 1, 1 in the pre­
ceding four trials. The program treats 
the bits as a single binary number and 
converts them into its decimal eq uiv­
alent, in this case 7. If subject(7,0) is 
equal to 4 and subject(7,1) is equal to 
2, the volunteer has followed the se­
quence 0, 1, 1, 1 by a 0 four times in 
the past but only twice by another 1. 
Given such past performance, the pro­
gram predicts the volunteer's next 
choice will be a O. 

The program implicit in this de­
scription is probably already fairly 
clear. In its simplest form PREDICTABIT 
cycles through six simple sections: 

Input latest bit 
Update array at old sequence index 
Shift variables 
Form new sequence index 
Compare subject entries 
Make prediction 

As soon as the volunteer calls out a bi­
nary digit, the magician types it into 
the computer. Four variables called 
first, second, third and fourth hold the 
volunteer's preceding four choices. A 
variable called index stores the row 
number computed on the basis of the 
current values of the variables first 
through fourth. If the latest bit called 
out is 0, the program adds 1 to sub­
ject(index,O). Otherwise it adds 1 to 
subject(index, 1). 

The third section of the program 
then shifts the contents of the four 
variables as follows: 

fourth <-latest bit (input) 
third <- fourth 
second <- third 
first <- secol/d 

PREDICTABIT forms the new sequence 
index number by computing a sum 
of prod ucts: 1 X first + 2 X second + 
4 X third + 8 X fourth. Next the pro­
gram compares subject(index,O) with 
subject(index, 1) for the newly comput­
ed value of index. If subject(index,O) 
exceeds subject(index,l), PREDICTABIT 
prints a 0 on the screen as its next pre­
diction. Otherwise it prints a 1. To op­
erate successfully the program must 
also predict the volunteer's first four 
guesses, just to fill in dummy values of 
the first four variables. The dummy 
values might as well all be O's. 

For the magician who wants to an­
nounce PREDICTABIT'S rate of success 
there is one more feature worth in­
cluding in the program. Declare a new 
variable called score, and just before 
the shift section insert additional in­
structions that compare fourth with the 
latest bit called out by the volunteer. If 
they are equal, add 1 to score. When 
the demonstration is finished, the pro-

gram divides score by the number of 
trials, mUltiplies by 100 and displays 
the result. 

. 

The trick works because people tend 
to adopt rules unconsciously when 
they try picking one of two alterna­
tives at random. For example, after 
choosing two O's in a row, it is tempt­
ing to make the next digit a 1. In fight­
ing this tendency many people may 
add a third 0, but then the temptation 
to make the next digit a 1 becomes 
even greater. The probability that the 
next digit will be a 1 increases with 
each 0 added to the sequence. In a tru­
ly random selection, of course, the pre­
vious choices have no bearing at all on 
the choice of each succeeding digit: the 
probability that the next digit will be 1 
is always the same, namely . 5 .  

Perhaps even subtler factors operate 
when people try to choose a random 
bit. Again, however, if such factors 
somehow depend on recent history, 
PREDICTABIT should be successful. I 
have found, incidentally, that it is cru­
cial to avoid subjects who think too 
creatively. Such people tend to adopt 
rules consciously and then change 
them in the middle of the demonstra­
tion, with disastrous results. To keep a 
volunteer from becoming too unpre­
dictable it might be wise to add some 
misdirecting patter, such as: "When I 
press this key, the program will predict 
the number you will think of next. It 
is crucial that you not think of your 
number yet-otherwise the machine 
will have the unfair advantage of be­
ing able to read your mind directly." 
Thereafter the magician must contin­
ually caution the volunteer to wait un­
til the key is struck. Remember that 
the key struck is the volunteer's guess 
on the preceding round. 

In my next feat of magic the com­
puter is both prop and magician. The 
(human) magician hands the volunteer 
a deck of ordinary playing cards and 
intones: "Please have a seat before the 
computer incarnation of a great magi­
cian, now departed this life." To fur­
ther bamboozle the volunteer, one can 
make glib analogies between spirit and 
software. If necessary, one can go on 
with the theories of Professor Yan 
Kee. Finally the magician asks the 
volunteer to press the space bar. The 
following instructions emerge from 
the Beyond. When one instruction has 
been carried out, a tap on the space bar 
brings up the next: 

SHUFFLE THE CARDS THOROUGHLY, 
SQUARE THEM UP AND PLACE THEM 
FACEDOWN ON THE TABLE [space bar]. 

CUT THE DECK ROUGHLY IN THE MID­
DLE, NOTE THE CARD EXPOSED AND RE­
STORE THE DECK [space bar]. 
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The RobotAbstraction 
Until now, matching robots to specific industrial tasks has been 
done by trial and error, requiring the creation of expensive 
prototypes . Recent advances at the General Motors Research 
Laboratories have produced a computer system that can be used 
not only to select the right robot, but also to program it to 
per/orm the task in the most efficient way. 

Robot Task 

Figure 1: Two-dimensional overhead view of a 
robot task-the straight path trajectory of a solid_ 

Figure 2: Three-dimensional illustration of the 
robot work cell layout, showing reach capability 
for the task in Figure 1. A reas of color show 
total reach as well as the joint limits stored in 
the robot mode'-

THE DECISION to use robots 
to automate a manufacturing 

facility introduces the need for more 
decisions. There are several dozen 
kinds of robots, each with different 
capabilities. Thus far, choosing the 
right robot for a given set of tasks 
has been largely a manual process, 
involving great expenditures of 
time and money. By combining 
previously separate disciplines in 
a single computer system, two 
General Motors researchers have 
made the introduction of robots to 
the factory floor a more rational, 
less costly undertaking. 

RoboTeach is the first com­
puter system which integrates 
robotics, solid modeling, and sim­
ulation. It was designed and devel­
oped by Dr. Robert Tilove and Mary 
Pickett, both members of the Com­
puter Science Department. 

The use of powerful program­
ming languages for manipulating 
robots is a major new development 
in the discipline of robotics. The 
languages specify desired robot 
motions, but they have no way of 
describing the robot's environment. 
Hence, they cannot automatically 
take into account physical obstacles 
or anticipate collisions. With only 
robot programming languages at 
one's disposal, assuring proper 
interaction with the environment 
requires testing with actual robots 
and parts. 

Solid modeling, on the other 
hand, provides geometrically com­
plete representations of environ­
mental components and their spatial 
relations. But solid modeling can­
not represent processes, because 
it has no way of representing tem­
poral relations. Traditional solid 
modeling deals only with static 
relationships. While robot program­
ming is without physical context, 
solid modeling is nothing but phys­
ical context. Neither by itself is 
adequate. 

Nor are they satisfactory to­
gether. Only by simulation of both 
the robot and its environment can 
the sequence of discrete steps in a 
robot task be converted into the 
continuous motion of a process. 
Also without simulation, there is 
no way to represent accurately the 
robotic process as it unfolds in its 
environment. 

RoboTeach, by combining all 
three disciplines, provides computer 
representations of the environment, 
the robot, and the task. Conse­
quently, it helps users reach high-
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level decisions about the real world 
without the investment of time or 
money in actual robots, actual parts, 
or the factory setting. 

One key RoboTeach abstrac­
tion is a mathematical robot model. 
Solid modeling techniques represent 
the geometric form of each link of 
the robot. Then constraints are im­
posed on the relative positions of 
mating links to produce a mathe­
matical abstraction of a mechanical 
joint. By insisting that the joint 
constraints always be satisfied, 
RoboTeach insures that the abstract 
robot model corresponds to a 
physically realizable geometric 
configuration. 

O THER representational facil­
ities in RoboTeach handle 

robot task definitions. The repre­
sentation of any task can be matched 
with the representation of any robot. 
In this way, RoboTeach helps users 
to determine the optimal robot for 
the task. Once a robot has been 
selected, RoboTeach can be used 
to program the robot off-line. 

Not only are robots prolifer­
ating, but the tasks assigned to 
them-are becoming more complex, 
making the need for off-line pro­
gramming more urgent. When there 
are only a half dozen robots in a 
factory, the prospect of reprogram­
ming them all by conventional 
show-and-teach methods for every 
new task is not overwhelming. But 
when there are hundreds of robots, 
the value of being able to reprogram 
without interaction with each robot 
becomes more apparent. Without 

off-line programming, the savings 
which justified the initial robot 
investment may quickly vanish. 

RoboTeach distinguishes be­
tween two kinds of off-line pro­
gramming: at the task level (what 
to do) and at the robot level (how 
to do it). For example, in the crea­
tion of a mechanical assembly, task­
level instructions would include 
what components to assemble, the 
alignment of the components for 
the assembly process, and criteria 
for verifying that the final assembly 
is correct. Typically, there is a one­
to-many relationship between task­
level instructions and robot-level 
instructions. 

"RoboTeach is currently in 
use;' says Robert Tilove, "to study 
robot reach capabilities and to sim­
ulate simple robot-level tasks:' 

"Future research;' adds Mary 
Pickett, "will explore the possibility 
of using RoboTeach to approach 
problems from the more abstract 
task level, with the user defining 
the task at a high level and Robo­
Teach filling in the details:' 

General Motors 

THE 
PEOPLE 
BEHIND 
THE 
WORK 
Dr. Robert Tilove and Mary Pickett 
are Staff Research Scientists in the 
Computer Science Department 
at the General Motors Research 
Laboratories. 

Mary Pickett received her 
B.S. in mathematics from Iowa 
State University and her Master's 
in computer science from Purdue 
University. She was a member of 
the team that developed GMSOLID, 
an interactive geometric modeling 
system. Her research at GM has 
also included the design of real­
time programming languages. She 
joined G M in 1971. 

Robert Tilove received his 
undergraduate and graduate de­
grees in electrical engineering from 
the University of Rochester. His 
Ph. D. thesis concerned the design 
and analysis of geometric algorithms 
for solid modeling. His current 
research interests also include the 
application of geometric modeling 
to computer vision and robot con­
trol. He joined GM in 1981. 
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DEAL THE CARDS FACEDOWN INTO SIX 
SMALLER HANDS [space bar). 

TAKE A MOMENT TO LOOK THROUGH 
EACH PILE UNTIL YOU FIND THE ONE 
CONTAINING THE CUT CARD [space bar). 

NOW DEAL ONE CARD AT A TIME FROM 
THE PILE CONTAINING THE CUT CARD; 
DEAL EACH CARD FACEUP, CONCEN­
TRATE ON IT AND PRESS THE SPACE BAR 
WHEN YOU ARE READY FOR ME TO DE­
CIDE WHETHER IT WAS THE CARD YOU 
PICKED [space bar). 

As the volunteer deals the cards one 
at a time, the program echoes the deci­
sion of the departed magician. "NO" is 
the first response. A tap on the space 
bar tells the magician's spirit that an­
other card has been dealt. Again "NO." 
After a few more cards the spirit sud­
denly cries out (so to speak): "STOP, 
HERE IT IS!" 

The third program in this series is 
the simplest. I call it HOUDINI for rea­
sons I hope will be obvious. HOUDINI 
simply displays the instructions above, 
one set at a time, until the volunteer 
starts dealing the cards from the pile 
that includes the cut card. The pro­
gram says "STOP" when the fourth card 
is dealt. That card or the next one is al­
ways the cut card. 

HOUDINI is so simple it needs little or 
no description. When it runs, however, 
the temporarily unemployed human 
magician might hover near the volun­
teer, sharing in the growing amaze­
ment and generally making sure things 
go right. The cut, for example, must be 
made within a few cards of the center 
of the deck. The order of the cards in 
the six piles must also be maintained 
while they are searched. Finally, the 
human magician must interpret the 
STOP command. If the fourth card is 
the one sought, the silicon spirit of the 
machine has read the volunteer's 
mind. If the fifth card is magical, how­
ever, the magician advises the volun­
teer to turn it over. "Leaping LISP," 
says the magician, "I might have 
known. The great Houdini has read 
the cards by direct clairvoyance!" 

True to my promise not to reveal the 
basis of all the magic presented here, I 
leave an explanation of this last trick 
to the reader. The answer will be re­
vealed next month, and so please do 
not send me your thoughts. They will 
arrive much too late. I am indebted for 
the trick to Harry Lorayne, a New 
York magician and memory expert. 
HOUDINI is a computer adaptation of 
Lorayne's well-known "Stop!" trick. 

The last bit of mind reading comes 
by way of Martin Gardner, and it re­
quires only the humble hand calcu­
lator. The magician calls a volunteer 
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from the audience. After glvmg the 
calculator to the volunteer, the magi­
cian turns away, touches his brow and 
vamps on about some kind of electron­
ic communion with the calculator's 
circuitry. At last he explains the fol­
lowing procedure to the volunteer: 

"Choose any row, column or main 
diagonal of the numeric key pad. This 
is the little square of numbers from 1 
to 9. Enter the digits in that line in any 
order you like. O. K.? You should have 
a three-digit number in the display. 
Now press the multiplication key and 
select another line-that is, another 
row, column or main diagonal of the 
little square. Got one? Good. Again, 
enter those three numbers in any order 
you like. Now you should have anoth­
er three-digit number in the display. 
When you press the equal sign, the 
product of the two three-digit numbers 
will appear in the display. Do you see 
it? That is a magic number. Choose 
any nonzero digit from the number, 
but do not tell me what it is. Tell me 
the other numbers instead. No, the 
order is not important; I just want 
to clear them out of your mind so 
that you can concentrate on the num­
ber you did not tell me. Very good. 
Now concentrate on that all-impor­
tant number and with a little luck I 
should be able to pick it up." 

Readers also have a month to dis­
cover how the magician determines 
the missing number. Look closely at 
the illustration on page 20. In a future 
column I shall be happy to describe the 
adventures and misadventures of read­
ers who attempt the magic programs 
presented here. 

NEOTREE, a program that mimics 
the extinction of family names, 

caught the fancy of more readers than 
did PALEOTREE, a program that models 
the evolution of genera and species. 
Both programs were described in this 
department in the May issue. 

Many readers were content to fol­
low the evolution of a single genus 
without a computer, merely by tossing 
a pair of dice: a total of 2, 3 or 4 on the 
dice would make a species extinct, a 9 
or a 10 would give birth to a new spe­
cies and any other total would cause 
no change. The probabilities corre­
sponding to these outcomes are re­
spectively 6/36, 7/36 and 23/36. In 
my own experiments I had noticed the 
branching trees that trace the evolu­
tion often die out. But how many of 
the survivors, I wondered, would go 
on living forever? I. Jack Good of Vir­
ginia Polytechnic Institute and State 
University in Blacksburg, Va., pointed 
out that the single root of the equation 
1/36(6 + 23x + 7X2) lying between 0 
and 1, namely the root 6/7, is the prob-

ability that such a tree is finite. Hence 
a seventh of my trees are destined for 
immortality. Robert M. Solovay of the 
University of California at Berkeley 
reached the same conclusion by an el­
ementary argument. Meanwhile in 
Park Ridge, 111., Edgar F. Coudal re­
peatedly ran the program needed to 
trace the complete evolution of a tree. 
Thinking that all the trees were des­
tined for finitude, Co udal began gen­
erating them one evening in order to 
determine their average size. He writes 
that occasionally a tree would fill his 
screen, and an out-of-bounds condi­
tion built into the program would ter­
minate the run. Not suspecting that 
infinity was the culprit, his thoughts 
turned to the consequences of the 
screen limit for theoretical paleontolo­
gy: "Wouldn't [David M.] Raup [of 
the University of Chicago] be interest­
ed to find that. . .  Nemesis cycles are 
really only coincidental out-of-bounds 
errors in the eternal CPU?" 

Readers who tried NEOTREE all re­
port the same results from the experi­
ment with 1,000 family names. Given 
typical male birth patterns, the num­
ber of names decreased by three­
fourths in just over 20 generations. For 
example, James W. Cox of Ottawa, 
Ont., found that half of the family 
names disappear in only three genera­
tions and two-thirds of them are ex­
tinct in 10 generations. There is a kind 
of stability thereafter. Matthew M. 
Cammen of Painted Post, N. Y., ex­
plains it this way: "After, say, 50 gen­
erations most of the names have over 
100 living males who marry." Will the 
number of family names never shrink 
to one? Craig J. Albert of New York, 
N. Y., is skeptical. Experience with 
NEOTREE suggests that one must be 
"extraordinarily tenacious" in waiting 
for the event. The answer, as always, 
depends on the model adopted. For an 
abstract model in which the popula­
tion grows continually perhaps 200 
names will go on forever. No comput­
er, however, can house more than a fi­
nite number of human tokens. When 
the limit is reached, the number of 
names will start to decline. After the 
year googolplex A.D. ( 101010°) either 
Smith or Chan will be lost forever. 

I remind readers that ruthless pro­
grams can be seen battling in Boston 
during the last weekend of August at 
the first Core War tournament. Any­
one traveling in that area might like 
to visit the Computer Museum, where 
the tournament will be held. 

Rollo Silver of Box 1 1 1, San Cris­
tobal, N.M. 87564, has proposed a 
newsletter devoted to the Mandel­
brot set. He would be happy to hear 
from readers who would like to con­
tribute or subscribe. 
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BOOKS 
The continuing mystery of what kills 

apparently well infants as they sleep 

by Philip Morrison 

S
UDDEN INFANT DEATH: PATTERNS, 

PUZZLES AND PROBLEMS, by Jean 
Golding, Sylvia Limerick and Ai­

dan Macfarlane. University of Wash­
ington Press ($25). MELLONI'S ILLUS­
TRATED MEDICAL DICTIONARY, SEC­
OND EDITION, by Ida Dox, Biagio 
John Melloni and Gilbert M. Eisner. 
Williams & Wilkins ($23.95). Three­
month-old David's mother is a nurse 
in her early 30's. He is her third child; 
happily married to a physician, she 
does not smoke. Through normal birth 
she has just mothered a normal, con­
tented baby. At two months he was 
screened at the health clinic: no abnor­
mality at all. At three months, not long 
before David was due for his first im­
munization, she put him in his crib for 
his afternoon sleep. Warm but not en­
cumbered, he went right to sleep. She 
heard no sound, but in 30 minutes she 
went up to check on him. He was very 
pale; when she picked him up, he was 
floppy and around his mouth was a 
blood-tinged froth. She cleared the 
tiny mouth, phoned for an ambulance 
and tried resuscitation. Within 10 min­
utes David was in the hospital, still 
warm but without breath or heartbeat. 
The emergency staff gave up after an 
hour's effort. The postmortem was en­
tirely normal except for some vomit in 
the infant's upper mouth and airways. 
Certificate: Sudden Infant Death (SID). 

Even during the late 1970's (the 
most recent data on hand) parents in 
Bangladesh had to face the fact that 
there one baby in six would die some­
how during the first year. That was the 
hard experience in the U.S. or the U.K. 
just a century ago. Today in developed 
lands total infant mortality has fallen 
by more than an order of magnitude, 
to perhaps one infant death per 100 
live births. Change continues as health 
care improves; since 1971 infant mor­
tality in England and Wales has de­
creased by a factor of almost two. 

There lies beneath that falling curve 
one small component that has re­
mained quite flat over decades. Of 
each 1,000 live births in modernized 
lands, 990 infants can be expected to 
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live to their first birthday. Of the 10 
who die before that, six do not survive 
the first month of life, victims of gross 
errors of growth, mostly either low 
birth weight (prematurity) or a ('lear 
congenital defect. Two or three of the 
remaining four will die in the hospital, 
taken there during the first year for 
some late-detected birth abnormality 
or with an acute infection that resists 
treatment. The rest, two or three ap­
parently well babies out of the 1,000, 
will die unexpectedly nonetheless, 
mostly in their own cribs, too sudden­
ly to have reached the hospital or 
even a doctor, bearing no marks or 
signs, infants "in whom a thorough 
necropsy examination fails to demon­
strate an adequate cause of death." 

Taking the U.S. and the U.K. togeth­
er, about 10,000 families endure such 
a blow each year. The definition of SID 
is plainly operational; it implies an au­
topsy, a degree of expert medical at­
tention hardly to be expected where 
this faint signal is swamped in the grim 
noise of abundant infant death, wheth­
er in our own past or where the old re­
gime still rules and ill-fed mothers take 
water from unprotected wells for pin­
ing infants. Recognition rests on some 
40 studies in conditions of low total in­
fant mortality, some local and some 
national. They have been carried out 
in Britain, Canada, the U.S., Australia 
and New Zealand, in a few countries 
of western and eastern Europe and in 
Japan and Israel. Wherever the statis­
tics seem reliable the results are broad­
ly similar; the one clear exception is in 
Sweden, where two big cities showed 
a fourfold lower rate for sudden in­
fant death. 

Fifteen years ago this column first 
noted the report of an international 
conference on the problem. Five such 
gatherings have convened in the past 
25 years to unravel the causes of sud­
den infant death. The physicians have 
taken counsel, and yet the mystery re­
mains unsolved. 

This recent book by two British epi­
demiologists and a research pediatri­
cian sums up clearly what is known in 

a fascinating and humane account, a 
fine case study in epidemiology and its 
problems. The small volume presents 
new data from two recent English sur­
veys, one following up in detail the 
record of every infant death for a dec­
ade in a medically well-tended region­
al population with 14,000 births per 
year. The clearest result is the age dis­
tribution of these enigmatic deaths. 
They follow a curve that rises to a 
peak between eight and 12 weeks and 
thereafter trails off into a longish tail, 
a few cases occurring even at the age 
of two. 

Some 600 or 800 papers that seek a 
cause are referenced here. Of course 
no single cause may dominate; the 
problem is after all a form of contem­
porary ignorance, diagnosis by failure 
to diagnose. Yet Table 13 lists no 
fewer than some 30 characteristics 
of mother and dead infant that show 
considerable consistency worldwide. 
These include such factors as the age 
distribution and the season of the year 
(deaths increase in winter). Risk is rel­
atively high among infants born to 
young mothers, particularly those in 
the lower social classes and those who 
smoke or use drugs. Male babies and 
babies whose birth weight is low are 
also unusually susceptible. It is not 
hard to conclude that sudden-death in­
fants often have endured "an adverse 
period in utero." 

. Yet for half of the cases the families 
were not under economic or social 
stress, a third of the mothers did not 
smoke, more than 80 percent of the ba­
bies who died were of normal weight; 
nothing amiss is known. 

The failed hypotheses are legion. 
Breast-feeding does not protect statis­
tically; inhalation of traces of cow's 
milk by an allergic infant was a popu­
lar theory of the 1960's. No antibody 
differences were found between sud­
den-death infants and the controls. 
The same story can be told of protein 
from mites in house dust. "Gentle bat­
tering," infanticide in some form, was 
a cause ascribed by the Bible, put deli­
cately as accidental overlaying. There 
are cases of infanticide here; they hit 
the headlines, but the evidence indi­
cates that they are a numerically unim­
portant fraction of the whole. 

Siblings of dead infants do not seem 
to be at much greater risk, allowing for 
social and maternal biases, although 
there are certainly exceptional cases: 
one mother of an SID case in the big 
survey reported here had three other 
children who died suddenly and unex­
pectedly. Surviving twins are in fact at 
higher risk, mainly during the four 
weeks after the first twin dies; identical 
twins are not more at risk. Genetics 
seems to offer little. 
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The sudden arrest of breathing was 
suspect-some failure in bioelectron­
IC development?-and gave rise to a 
special campaign around near-misses, 
children who had been found alive but 
blue from lack of breath. Conseq uent­
ly electronic alarms have been devised 
and installed. The results do not sug­
gest that the scheme is an answer to 
SID, although parents who must raise 
siblings after one sudden death often 
value this kind of support. None of the 
30 infants who eventually died among 
the more than 9,000 whose breathing 
movements were studied during the 
first weeks of life had shown abnor­
malities. The birth-control pill is not at 
fault, nor are the usual triple vaccines 
given infants, nor any other medical 
drugs, except possibly barbiturates 
taken during pregnancy. 

There are some surprising hypothe­
ses formed by analogy, unlikely and 
ingenious. Selenium deficiency leads 
to fatal heart disease among children 
in China and a kind of sudden infant 
death among piglets. In New Zealand 
selenium is low, yet SID is not high. It is 
true that there the city of Auckland 
has both more selenium and less SID, 
but the correlation did not hold else­
where. Nor is selenium lower in the 
measured blood of SID infants than it is 
in the controls. Measurements of a 
dozen other trace elements, along with 
a variety of vitamins and hormones, 
have given no firm results. Overheat­
ing (perhaps augmented by fever) has 
been suspected of somehow causing 
death by heat stroke. Although febrile 
convulsions are common in young 
children, they occur only at ages far 
beyond the peak of SID. 

One father of a sudden-infant-death 
victim had a "relatively rare" condi­
tion that causes a sharp rise of muscle 
temperature under anesthesia; the dis­
ease can cause sudden death among 
pigs. In 1982 an Australian team re­
ported that five of the 15 parents of 
sudden infant deaths whose muscle tis­
sue they sampled had the muscular 
disorder. The second shoe of confir­
mation has not yet fallen. 

The age distribution among babies 
admitted to the hospital with respira­
tory syncytial virus (the common vi­
rus infection leading to bronchitis and 
pneumonia) matches the age distribu­
tion of SID cases. That virus infects 
boys more than girls in the same ratio 
found for SID; it is winter-prevalent, 
more likely in cities, lowest in better­
off families. The match is striking; it is 
not a negative point that other and less 
common viruses might show similar 
patterns. The immune system of the 
child is in transition, shedding its en­
dowment of maternal immunoglobu­
lins in favor of its own defenses. This 

event transpires between the age of 
two and three months, the age peak of 
SID. Perhaps anaphylactic shock to the 
sensitized infant in reaction to respira­
tory virus infection is the pathway to 
"a proportion" of SID cases, the au­
thors cautiously write. 

About half of a modest sample of 
SID cases do yield small amounts of 
common viruses. This is a larger frac­
tion than the controls show. Of course, 
there is no massive viral infection; 
such a clear finding would have ex­
cluded the infant from classification 
as a sudden infant death. The hypoth­
esis must include some kind of hyper­
sensitivity. 

The riddle is still unanswered. Con­
trols are difficult: not many normal 
children die at a comparable age. In 
the absence of a standard of compari­
son erroneous yet plausible hypothe­
ses easily persist. The cause of sudden 
death in the 1900's was held to be a 
grossly enlarged thymus. Actually the 
thymus is normally large in infants, 
but the "controls" of the day were 
babies who had died of malnutrition 
or infection; their thymus glands had 
shrunk. It took 50 years for those facts 
to be generally recognized. Misunder­
standing and fashion enter today as 
well. Current tests center on biochemi­
cal studies, cases of near-misses and 
the follow-up of infant siblings. 

The logical outcome of advances 
in medical knowledge is certainly a 
steadily declining incidence of death 
"from unknown causes." SID is not as 
complex as the eventual residual mix 
of everything unknown. But the age 
distribution of sudden deaths does dif­
fer strongly between those in summer 
months and those in winter. That sug-

burs 

gests we may be on the verge of resolv­
ing SID into two differing patterns, per­
haps with distinct causes. 

Even more than SID'S intellectual 
challenge, even more than the human 
suffering it brings-both well de­
scribed in this study-the circum­
stances pose a deeper riddle yet in our 
contradictory epoch. If we can strug­
gle so steadily against that half percent 
of SID, can we not act to relieve the in­
fants of the Third World, who are dy­
ing at a dozen times the SID rate from 
familiar microbial infections we know 
very well how to prevent? If not we, 
who? If not now, when? Those are old 
questions, but they still have bite. 

Biagio John Melloni's medical dic­
tionary is recent, legible, neither over­
priced nor uncomfortably bulky. Its 
26,000 entries are made much more 
usable by a richness of about a tenth as 
many apt and well-arranged tables and 
diagrams, and by illustrations of anat­
omy at every scale. Size is in general 
not explicitly marked, although the en­
tries contain the data for objects, such 
as red cells, not visible without the mi­
croscope. The work is for nonspecial­
ists; it tabulates, for instance, all arter­
ies, bones, muscles, nerves and veins 
by name. The generally useful glossa­
ry of the SID book omitted a definition 
of the suspect respiratory syncytial vi­
rus, but that definition and a little con­
text were quickly found in the attrac­
tive volume by Melloni-the image 
expert-and his friends. 

BUILDINGS FOR MUSIC: THE ARCHI­
TECT, THE MUSICIAN, AND THE 

LISTENER FROM THE SEVENTEENTH 
CENTURY TO THE PRESENT DAY, 
by Michael Forsyth. The MIT Press 

burnishers 

prepatellar 
bursitis 

Drawil/gs from a page of Melloni's Illustrated Medical Dictionary 
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($35). The first page presents a fine 
colored engraving of the most cele­
brated of musical Lutheran church­
es, the Thomaskirche, in its sq uare in 
Leipzig, taken from a prospectus is­
sued when the cantor there was Jo­
hann Sebastian Bach. The color illus­
trations offer a look at more than 
a dozen of the opera theaters and 
halls that have echoed splendidly to 
the sounds of music in Europe since 
Bach's day, to end with the under­
ground Espace de Projection at the 
Centre Georges Pompidou in today's 
Paris, a versatile experimental cham­
ber for 400 listeners, "virtually a musi­
cal instrument in itself," controlled by 
the composer. 

Two ancient acoustic prototypes ap­
pear to span the auditoriums of the 
world. There are those that resemble 
the open air, where the spoken voice 
belongs. They are unreverberant, for 
any echo is a risk to clarity. Around 
the other pole are grouped the spaces 
that share the acoustics of the cave (or 
of the shower stall), chambers fit to en­
courage the sounds of music through 
harmonious reverberation. The har­
mony that is characteristic of Western 
formal music may indeed have begun 
not by intention but by the unplanned 
overlap of resonant echoes within 
lofty Gothic enclosures of hard and 
massive stone. 

Undoubtedly musicians have long 

understood something about acoustic 
spaces. Bach's Thomaskirche, even be­
fore his day, was remodeled like many 
another Protestant church by intro­
ducing draperies and new balconies 
nearer the pulpit to help public under­
standing of the preacher's words, given 
new weight by the Reformation. Bach 
composed choral works suited to the 
rather short reverberation time char­
acteristic of the Thomaskirche when it 
is filled with worshipers; his swift rates 
of change of harmony and his brisker 
tempos would not have worked in the 
original church. 

Rational acoustic design was not yet 
possible; that began only at the turn of 
this century, and its maturity is argu­
ably still to come. The main ingredient 
of architectural acoustic success was 
luck. Behind the fine musical reputa­
tion of many old spaces lies natural 
selection and a touch of myth. "The 
even greater posthumous reputation 
that halls tend to acquire can rarely 
be matched, in buildings old or new!" 

Michael Forsyth (of the University 
of Bristol) takes a reader on a cultivat­
ed and nontechnical tour of the places 
built over the past three centuries that 
embody the interaction of social struc­
ture, architectural design and formal 
musical style in western Europe and 
America. Musical professionals had 
by 1650 come to be at home as much 
in the privacy of the court as in the 

echoing public cathedral. The prince­
ly music room was not specially de­
signed, merely chosen among conve­
nient halls or salons, although perhaps 
suitably decorated. The public concert 
hall began in England; the earliest one 
we still have is the Holywell Music 
Room, built by private subscription 
and opened at Oxford in 1748. The lit­
tle hall is a rectangle except for a 
rounded end; its strong early reflec­
tions give it a bright and powerful 
tone. When "the little German boy 
WOLFGANG MOZART," eight years old, 
and his sister played daily for the Lon­
doners, they used the Great Room 
at the Swan and Hoop. Taverns re­
mained favorite concert sites in En­
gland throughout the 18th century, as 
coffeehouses were in Germany. 

The Continental nobility began to 
build purposeful concert rooms in 
their residences; Prince Esterhazy's 
music makers, led by Papa Haydn, en­
joyed and conformed to the intimate 
acoustics of his great music salon. 
Haydn scored many of his symphonies 
of that period twice: one version with 
trumpet and kettledrum for perfor­
mance out of doors, the other without 
their intensity for the good-size but not 
enormous concert hall. 

It was in Venice that the first opera 
house was built in 1637. That form of 
musical drama, expensive to produce 
in view of its multiple artistry and 

A pail/tillg by Calla/etta of the Rotul/da at LOl/dol/ 's Ral/e/agh Cardel/ 

28 © 1986 SCIENTIFIC AMERICAN, INC



elaborate stage tradition, had worked 
its way from the lavish entertainments 
of Roman nobility to the well-to-do 
mercantile public along the Rialto. Its 
horseshoe theaters were the earliest 
buildings intended for musical perfor­
mance. The architects grasped some­
thing about their task. They recog­
nized that minimal dimensions were 
essential. The crowded audience in full 
costume provided a helpful absorptive 
surface. The thin wood panels that 
formed most interior walls pass and 
hence eliminate the low frequencies 
but reflect the higher ones. The result 
is a quick dying out of sound, after an 
early crisp reflection of voice detail. 
The opera houses, even such grand 
ones as the Teatro alia Scala in Milan, 
show short midfrequency reverbera­
tion times, like the much smaller con­
cert halls that spread from London. 

Large orchestras, larger audiences 
and still larger conceptions of mu­
sic followed; romanticism flowered in 
music and architecture at once. Lon­
don's Royal Albert Hall is so large­
eight times the volume of La Scala, al­
though with less than three times the 
seating capacity-that its echoes are 
spaced by an easily perceptible inter­
val, one-sixth of a second (a difference 
in path length of 180 feet). Its troubles 
are compounded by an elliptical ceil­
ing vault, whose focus happens to be 
near ground level. At another acoustic 
extreme, the vast and wonderful Crys­
tal Palace of greenhouse architect Jo­
seph Paxton, its 10,000 modular tons 
of glass panes and iron framing moved 
and reconstructed in the London sub­
urbs, was as transparent to sound as it 
was to light. Its properties were indeed 
those of open air; it nurtured massive 
music by British composers for nearly 
a century, but it always diminished the 
sound expected from the monster as­
semblies, orchestras 500 strong and 
choirs by the thousands, that served its 
gala performances. 

Science approached the acoustics 
of halls from two directions. In 1838 
John Scott Russell proposed ray trac­
ing. Sight lines determined an optimal 
seating geometry, both for viewing 
and for sound, along an "isacoustic 
curve." The method remains widely 
used. The pioneering Chicago archi­
tects Dankmar Adler and Louis Sulli­
van built in 1889 the immense and dar­
ingly advanced Auditorium (during 
the summer its air intakes were ice­
cooled) on Russell's acoustic lines. 
Unfortunately Adler contrived the 
big, complicated ceiling along sim­
ilar curves. The size and the vagaries 
of focus made the hall quirkily re­
verberant, almost unusable by the or­
chestra, an exciting building but, For­
syth reports, an acoustic disaster. 

In the spring of 1896 the Harvard 
physicist Wallace Sabine measured the 
times for decay of sound as he system­
atically varied the absorption of his 
test hall by using a large supply of 
movable seat cushions borrowed from 
Sanders Theater. His source was a 
short blast on a single organ pipe; his 
detector was his own ear; he controlled 
ambient noise by working in the small 
hours of the Cambridge night, its still­
ness broken only by the rattle of an in­
frequent trolley. He opened the door 
to the basically statistical portion of 
the modern theory of room acoustics, 
the phenomena of sound paths so 
manifold that ray tracing can hard­
ly help. Boston's Symphony Hall, no 
daring innovation, had the benefit of 
Sabine's consultancy in its design; he 
matched it to the successful hall at 
Leipzig, rescaling by his own theory 
to suit the demanded change in size. 
Its shoe-box shape remains a favorite; 
we understand the reasons better now­
adays than Sabine could with his sin­
gle-parameter theory of reverberation 
time. Yet his good sense and well­
based partial hold on the problem 
opened a new era. 

Real mastery of room acoustics is 
not yet quite here. Modern halls have 
their failings too, often because the 
architect has programmatic priorities 
higher than fulfilling the specifications 
of his acoustic consultant. Remedial 
acoustic repairs are not uncommon: 
New York's Avery Fisher Hall, the 
Royal Festival Hall in London and in 
some sense the Sydney Opera House 
are notorious examples. 

For more than 20 years acoustic 
success has been the norm. One solu­
tion is more powerful than it is elegant: 
it has centered on variable acoustics, 
achieved by heroically movable archi­
tecture. In the experimental studio of 
Pierre Boulez at the Pompidou Cen­
ter the ceiling and walls are all motor­
ized and mobile; the volume can be 
red uced fourfold, and all six paneled 
surfaces are changeable. Another way 
is that of electronically assisted reso­
nance: microphones coupled to am­
plifiers and speakers are installed in 
large numbers all over the hall. By the 
use of filters, delays and adjustable 
gain a hall can be given about any re­
verberation characteristics one might 
want; the characteristics can even be 
changed during the performance. The 
dozen recent halls that use this system 
are so far more prudent: they modify 
built-in times by a modest fixed factor. 

The high-fidelity world of audio is 
new and strange; we are barely across 
the threshold of the musical era of the 
computer. This interesting study is fine 
preparation for what is beginning to 
happen in public and has already 

transformed our private musicality. 
Clearly and agreeably written, richly 
and authentically illustrated, informed 
by an uncommon sense of period, the 
volume is a necessity for readers 
caught up in the concert world, and a 
pleasure for the others. 

THE WORLD FOOD PROBLEM 1950-
1980, by David Grigg. Basil Black­

well ($39.95). One morning 25 years 
ago a well-fed traveler along the Mala­
bar Coast offered the lunch his ho­
tel had provided, fresh chicken sand­
wiches on crustless white bread, to the 
slight, wiry men whose work it was to 
pole the heavy car ferry across a nar­
row arm of the sunstruck sea. His 
experienced companions assured him 
such strange food would not find ac­
ceptance. They were wrong; the men 
were hungry, and they wolfed the stuff 
down, unfamiliar or not. 

One way to test the adequacy of diet 
is to observe the response to an offered 
increment. A page of graphs in this 
book shows a more representative ver­
sion of just such a test: the steady 
climb of calories consumed, geared to 
rising consumer income, as sampled 
during the 1970's in four countries 
around the Third World. "Such data 
support th assumption that poverty is 
the main cause of hunger." 

David Grigg, a geographer at the 
University of Sheffield, summarizes 
what we know of food worldwide in 
this cool, factual and critical book, the 
fourth he has published on the broad 
topic. He has chosen not to remain 
strictly within the time confines of his 
title; rather, he provides a valuable 
short history of hunger over the centu­
ries. He also directs attention to the 
uncertain methods that bring us the 
copious noisy statistics forming what 
quantitative knowledge we have of 
such a complex problem. 

By now the literature is large and 
understandably tendentious, not to say 
heated. Sir William Crookes addressed 
the wheat problem as early as 1899, 
but his concern for the exhaustion of 
natural supplies of nitrates was elicited 
by what he saw of European needs, not 
of world ones. Their proudly inclusive 
titles notwithstanding, most of the oth­
er studies published before World War 
II were in fact focused on Europe. 
Only 'since 1943 has the rest of the 
world received its share of attention, 
notably through the four World Food 
Surveys that were issued by the Food 
and Agriculture Organization of the 
United Nations between 1946 and 
1977. (There is a one-page table sum­
marizing those four reports.) 

The present world food problem can 
be tersely stated. A "large proportion 
of the population of Africa, Asia and 
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Latin America is either undernour­
ished or malnourished or both." The 
kernel of the matter is not the acute 
but transient state we know as famine; 
it is a chronic condition. While we now 
fashionably label this a world prob­
lem, it is not genuinely worldwide: 
malnutrition is no longer a public­
health problem in western Europe. 
The food supplies of those lands have 
been adequate ever since the mid-19th 
century. True, the aggregate was mis­
leading: the total supply was not justly 
shared. A table shows the relation be­
tween calorie intake and household in­
come in late Victorian England, a mar­
ketplace version of test by increment. 
Families with servants had twice the 
calorie intake and enjoyed more than 
twice the protein per head of families 
in the lowest income group. 

It was a full century from the first 
achievement of adequate overall na­
tional food supply before such telltales 
as army rejection rates, adult height 
and infant mortality were able to tes­
tify as one voice to widespread ade­
quacy of diet. That condition has been 
reached in the developed world most­
ly within the past 30 years (although 
not yet for members of some mi­
nority groups in America the Bounti­
ful). The difference between the first 
two worlds and the third is that "in 
the developed countries the lowest 
income groups have, generally, suf­
ficient money to buy an adequate 
diet." (In some countries rationed sup­
plies in one or another way attempt to 
guarantee a minimum for all.) 

There is no agreed census of the 
hungry. No longer is their problem 
seen as a problem of protein shortage 
alone. Calories count. Vital statistics 
give the firmest data, but they are indi­
rect. Food-intake studies are closer to 
what we seek, but they necessarily in­
volve detailed and expensive study, 
and that implies small samples. Es­
timates of overall food supply coun­
try by country are useful; unfortunate­
ly they require supplementary income 
data to assay comparisons between 
richer classes and poorer. Even more 
detail is needed if differences in avail­
ability between parents and children 
are to be discerned. No wonder we end 
up with a number for the hungry that 
varies widely with source and method, 
estimates that range from some .5 bil­
lion to almost l.5 billion of all 4.5 bil­
lion of us travelers in solar orbit. 

Is it supply that is wanting, too many 
mouths for the crops spread out under 
the sun? Or is it economic demand that 
fails, too many hungry people unable 
to buy what they need? We can even 
ask whether those two states are really 
distinct. Three chapters take up the 
question of world supply. Certainly 

30 

food output has grown steadily, dou­
bling since 1950. World food produc­
tion now outruns world population; 
better perhaps to say that it outwalks 
population, for its annual growth leads 
only by a narrow 1 percent. 

Three regions brand all the maps 
with the hatchings of undernutrition. 
Of these, tropical Africa has the poor­
est farm performance. Until about 
1950 traditional methods of farming 
based on fallowing systems prod uced 
a "poor but adequate" diet. The popu­
lation has doubled since then, and out­
put has increased-lagging a little be­
hind the population growth-mostly 
by reducing the time in fallow. Shift­
ing agriculture, with 20 years in fal­
low, so that even forest regrows, is 
now very rare. Bush fallow, too short 
in duration to reestablish anything but 
scrub, is widespread; permanent agri­
culture, its fields left fallow for only a 
year or two, occupies little area, but an 
area that has to support most of the 
popUlation. Modern inputs, even the 
ox-drawn plow, have not much en­
tered this continent. Little of the land 
is found in large farms. Most African 
peasants remain subsistence farmers 
in the old way, smallholders by com­
munal tradition, producing yields that 
change slowly through the long march 
of the fat years and the lean. 

Latin America is the second region 
of hunger. There two agricultures co­
exist. Poor peasants with small subdi­
vided farms on steep eroding slopes 
watch their families migrate to the 
mushrooming city slums or go as labor 
to the big haciendas, the large farm­
steads that hold two-thirds of the con­
tinent's arable land. Once such land­
owners were content to take the rents 
of many poor tenants, and paid little 
heed to increases in output. They en­
joyed plenty in any case. Since 1950 
the grand indifferent style has dwin­
dled as the large holdings have been in­
dustrialized to produce cotton, sugar, 
bananas or soybeans in quantity by 
modern techniques, for the cities and 
for export. Production has increased 
mainly by expansion of the area sown 
in crops; few countries have food sup­
plies that are less than the national 
requirement. The problem of hunger 
from the Rio Grande to the Andes is 
lack of enough income to buy food or 
the land to grow it on. 

Most of the hungry are Asian. In 
Asia agriculture resembles that of the 
old European tradition more than it 
does that of Africa or Latin America. 
Farms tend to be small, and they occu­
py most of the land. They are worked 
by families; the power source is still 
mostly human labor. Mechanization 
has risen rapidly since the 1960's; it is 
estimated that in 1981 almost half of 

China's sown area was tractor-plowed 
at least once "compared with 1.6 per­
cent in 1960," a remarkable change. In 
Asia too food output has kept up with 
population growth. There are few new 
lands, and not much fallow. The in­
crease in output has been achieved by 
conventional means: more irrigation, 
intensive cultivation, mUltiple crop­
ping, improved seed strains and in­
creased fertilizer. Yields per hectare 
have risen over the past three decades 
for all major crops; Asian wheat yields 
rose 50 percent outside China and Ja­
pan, and within China by more than 
100 percent. 

Professor Grigg casts his survey net 
wide, yet the work remains broadly 
centered on agronomy and agricultur­
al economics, on crops and land use, 
on inputs and markets. The larger 
issues of war and inequality, of for­
eign exploitation and domestic depre­
dations, are sketched, but they could 
hardly be treated in the quantitative 
and comparative tone of the tables and 
graphs that crowd these pages. 

There are many who seek to change 
our hungry world; they will usually 
need first to understand it. This cool 
historical account of the facts can help 
anyone; it does so less by teasing out 
simplicities than by providing a docu­
mented and analytic roundness. The il­
luminating volume makes no predic­
tions and claims no one overriding 
cause of hunger. It closes with a few 
sentences of modest hope, welcome 
next to the daily headlines of war and 
injustice. "In an age of unprecedented 
population growth food output has 
also increased at hitherto unknown 
rates, and the proportion of those un­
dernourished has declined. This may 
not be good enough, but it is a consid­
erable achievement." 

C OMMUNICA TIONS SATELLITES, by 
Larry Van Horn, edited by Rob­

ert B. Grove. Grove Enterprises, Inc., 
Brasstown, N.C. 28902 (paperbound, 
$14.95, plus $l.50 shipping charge in 
the U.S.). Hardly an American road­
side hotel or well-established tavern 
nowadays lacks its microwave dish 
staring loyally up at the celestial equa­
tor whence the video signals come, 
from a couple of dozen geosynchro­
nous satellites. If it is far enough north, 
the seeking dish must point almost to 
the horizon, where the desired signal is 
endangered by obstructions and mi­
rages of every kind. 

The engineers whose task it was to 
supply a reliable video link to televi­
sion stations across Siberia found an­
other way. Instead of the popular 24-
hour orbit they chose a 12-hour one 
and placed powerful birds into a long 
elliptical loop. At the far end one Mol-
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niya satellite (class 3) stands over 
Tomsk, 10 earth radii above the turn­
ing planet; half a day later it travels 
over Hudson Bay. For five or six hours 
during each orbit it remains in easy 
view of the big, slow tracking earth 
dishes of Siberia until it begins to set 
southward. By then another one of the 
four satellites marching along nearby 
orbits stands high enough to take its 
place; two minutes of color bars and 
the logo ORBITA mark each normal 
switchover. Here is a photograph of 
the evening news anchorman in Mos­
cow taken from the television screen 
by an American amateur who moni­
tored the Canadian apogees with his 
four-meter dish, tuning for the broad 
beam and strong signals just below 
U.S. television Channel 9. 

The Molniya format is the interna­
tional standard SECAM; any U.S. televi­
sion set not too digitally finicky can 
convert it into adequate black-and­
white pictures. Color would demand 
a better-matched system. There are 
several video channels accompanied 
by their audio bands, as well as lots 
of other services, including telephony, 
the national radio network in Russian, 
and even the famous "hot line" (car­
ried now on an older class of Molni­
ya satellites). The television programs 
range "from humdrum to dull, demon­
strating a startling poverty of imagina­
tion, much like American television," 
according to our jaded informant, who 
adds, however, that "the glimpse of 
Soviet society as they see it is quite 
extraordinary." A considerable num­
ber of geosynchronous satellites also 
broadcast Soviet television to the en­
tire country and to all the ships at sea; 
seen from this hemisphere, "selected 
reception varies widely." 

This unusual book is a work of de­
votion by Larry Van Horn, a knowing 
amateur, and his friends. It intends to 
provide a comprehensive introduction 
to the art of monitoring the new artifi­
cial ionosphere, the orbital domain of 
1,000 listed frequency channels for 
every flag and purpose. It is personal, 
tentative in organization, typography 
and layout; its wealth of material 
includes official lists and summaries, 
widely culled magazine reports (not 
always consistent), firsthand results 
and reasoned conjecture. 

Here are details of the dozen satel­
lites, American, English and Soviet, 
that were built by and launched for 
amateur radio operators around the 
world, who use them as intermediaries 
for relayed conversation. Radio sput­
niks 5 and 7 offer robot contacts; the 
five-watt satellite calls for anyone to 
answer, responds to the first accept­
able Morse-code reply, seeks repeats 
until it has your identity straight, and 

later on politely mails a confirmation. 
Van Horn describes the wonderful 
weather watchers, reproducing a pho­
tograph of clouds over Cuba and the 
Gulf taken from one Soviet orbiter, 
Meteor, which uses a system much like 
that of the NOAA polar-orbiting satel­
lites. The nature of the geosynchro­
nous weather services and access to 
them are treated in some detail; they 
offer the amateur meteorologist "the 
ultimate toy," frequent and current 
weather images and data from U.S., 
Japanese and European satellites. 

The morass of domestic and interna­
tional satellite video, telephone and 
data channels is surveyed heroically if 
rather confusingly. If you want Tele­
bet "Racing Alive" (scrambled) or 
Country-Coast to Coast or the Play­
boy Channel or the Ottawa Parliamen­
tary Channel, it is listed here. The in­
ternational services are of course even 
more tentative, but the entire polyglot 
world is found: Argentine television in 
color, Norway radio, Sahel television 
from Niger and more. The beamed 
footprints that serve antipodal Perth 
and Kuala Lumpur are listed but are 
hardly visible in these parts. 

The latter half of the book treats the 
largest sector of the COMSAT world, 
space data, military and surveillance 
satellites, as well as navigation, search 
and rescue, links to manned spacecraft 
and other specialized uses. Here the 
firsthand experience, although it is not 
quite absent, falls in importance; the 
data are less complete, the signals are 
encrypted or at least unannounced, the 
technology is more advanced. There 
are plenty of brief official descrip­
tions, drawings and photographs, sav­
vy guesses, launch histories and a sum­
mary of past successes in teasing out 
what is going on, particularly the work 
of the Kettering monitoring group in 
England. It makes fine reading for 
anyone who likes timely little puzzles 
of technique and purpose. As usual, 
there is much more information easily 
available than the uninitiate might ex­
pect. There are also pleas for readers 
to share what they have learned. At or­
bital distance the intelligence commu­
nity today still evokes the "Great 
Game" of Rudyard Kipling's high­
Victorian fiction. 

The closing appendix lists by longi­
tude more than 200 satellites in geosta­
tionary orbit, all those registered with 
the International Telecommunications 
Union in Geneva, both civil and mili­
tary-Indonesian Palapa, American 
FLEETSATCOM and Soviet Raduga­
with their assigned stations along the 
orbit and their frequency bands. Eigh­
teen flags circle there, including those 
of three international consortia. The 
earth too now has its ring. 
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A US. spacecraft orbiting Venus made the first close-up views of Halley's Comet, giving scientists 
valuable insights into the comet at a time when it was on the far side of the sun and direct observations 
from Earth were impossible. NASA's Pioneer Venus Orbiter, built by Hughes Aircraft Company and 
circling Venus since 1978, conducted its investigation a month before five other spacecraft flew by the 
comet. The Orbiter was delicately repositioned with precise commands from Earth to observe Halley's at 
its closest point to the sun, a distance of about 55 million miles. The spacecraft measured changes in the 
comet caused by intense solar heating. It also provided an ultraviolet image of Halley's and its large 
surrounding hydrogen cloud. Data gathered by the Orbiter helped scientists determine the gas 
composition of the comet, the rate at which water vaporized, and the ratio of gas to dust in the comet. 

The AMRAAM missile may become the next -generation weapon for protecting US. Navy surface ships 
against threats that have slipped through the outer defense shields. Sea AMRAAM, under study for ship 
self-defense, would be essentially the same as the Advanced Medium-Range Air-to-Air Missile in full­
scale development by Hughes for the US. Air Force and Navy. However, compared with existing missiles, 
Sea AMRAAM would increase a ship's firepower because the missile's guidance system is much less 
dependent on the ship's radars. Many missiles could be fired at different targets simultaneously, and they 
could home in even if the targets were outside the field of the ship's radar systems. Sea AMRAAM is also 
faster, more maneuverable, and can fly farther than current ship self-defense systems. 

An innovative digital receiver is being developed to alert military aircraft when they are approaching 
enemy radars and electronic warfare systems, thereby putting them at less risk while on a mission. The 
device, designed for electronic support measures (ESM) , will be approximately 1/20 the weight and 
substantially smaller than current receivers. It will search for, intercept, record, analyze, and locate 
sources of radiated electromagnetic energy. The receiver can store this information. Or, if an enemy signal 
poses a threat, it can pass this information along to another type of electronic warfare system, such as a 
jamming device. Hughes is developing the receiver with independent research and development funds. 

Cellular telephones may take a back seat to a proposed satellite system when it comes to making long­
distance calls. The mobile satellite network, consisting of two Hughes HS 393 spacecraft, would relay 
two-way voice and data communications services directly from airplanes, cars, trains, or remote 
locations. While cellular telephone systems are limited to areas equipped with fixed antenna networks, 
mobile satellites would cover the continental US. and Canada, and possibly Mexico. Users would have 
their own mobile ground terminals. Hughes Communications Mobile Satellite Services, Inc. is seeking 
authorization from the Federal Communications Commission to operate the system. 

Hughes needs engineers, scientists, and programmers to forge new frontiers in aerospace radars, 
weapon control systems and avionics, airborne displays, aerovehicle data links, and airborne 
countermeasures. Current openings are for people experienced in design, development, test and 
manufacture for systems engineering, project/program management, design of circuits and 
mechanisms, and bringing these to reality through the application of advanced manufacturing 
techniques. Send your resume to Hughes Radar Systems Group, Engineering Employment, Dept. S3, 
p. 0. Box 92426, Los Angeles, CA 90009. Equal opportunity employer. US. citizenship required. 

For more information write to: PO. Box 45068, Los Angeles, CA 90045-0068 
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The Strategic Nuclear Forces 
of Britain and France 

They could more than quadruple in size by 1995. So tar they have 
been exempt from any arms-limitation treaty, but it may be in the 
interests of both superpowers to include them in future arms talks 

by John Prados, Joel S. Wit and Michael J. Zagurek, Jr. 

W
hen people speak of nuclear 
weapons, they are generally 
referring to those in the arse­

nals of the U.S. or the U.S.S.R. The 
weapon inventories of these two coun­
tries account for about 97 percent of 
the nuclear warheads in the world to­
day; Britain and France have most of 
the remainder. Yet even the compara­
tively modest claims the two Western 
European nations can make in this re­
gard represent an awesome military 
capability that the U.S.S.R. (and, to a 
lesser extent, the U.S.) cannot afford 
to ignore. Indeed, the recent proposals 
both superpowers have made to dis­
mantle all their European-based inter­
mediate-range missiles differ sharply 
in particulars but raise the same fun­
damental question: What role will the 
"other" nuclear forces in Europe have 
in the future military balance? 

The American proposal excludes 
any third party from whatever limits 
may ultimately be negotiated in Gene­
va. The Soviets, however, insist that in 
order for such a "zero option" to be vi­
able British and French forces must be 
frozen at their current level. The Sovi­
et demand is intended to prevent the 
expansion and upgrading of nuclear 
forces that both Britain and France 
have planned. These so-called force­
modernization programs, if they were 
fully implemented, would make the 
combined Anglo-French force equal 
to a significant percentage of the Sovi­
et strategic force-particularly if the 
Soviet arsenal were to be reduced 
through an arms-control agreement. 

If nuclear-arms control is to proceed 
further, the European strategic forces 
may soon have to be included within 
its purview. 

Yet the Europeans themselves are 
unlikely to place their limited strategic 
forces on the bargaining table along 
with those of the U.S.S.R. and the U.S. 
unless the superpowers impose severe 
constraints on their own strategic­
weapon programs, and in particular on 
their strategic-defense programs. The 
deployment of such defense systems 
poses a worrisome dilemma for the 
Europeans: while in the near term a 
Soviet anti-ball is tic-missile (ABM) sys­
tem might have only marginal military 
impact, over the longer term a novel, 
"exotic" defense could conceivably 
nullify the independent deterrent Brit­
ain and France have so arduously 
sought. At the same time an Ameri­
can defense system (such as those be­
ing considered under the Strategic De­
fense Initiative, or SDI) could, by de­
coupling the defense of Europe from 
that of the U.S., increase the need for 
precisely such an independent deter­
rent in the minds of the British and 
the French. 

The fear that at the moment of truth 
the U.S. might not commit its nu­

clear forces to battle in defense of Eu­
rope has always provided the main 
impetus for the autonomous Europe­
an nuclear-weapon programs. Britain, 
however, has worked out a compro­
mise between its perceived need for 
an independent nuclear force and its 

unique position of trust with the U.S. 
In exchange for maintaining at least a 
semblance of subordination to the nu­
clear-war plans drawn up by the U.S. 
along with the other allies in the North 
Atlantic Treaty Organization, it has 
received much valuable (and classi­
fied) technical support. Indeed, from 
1958 to 1982 every nuclear warhead 
fielded by the British armed forces was 
either copied from a U.S. weapon or 
designed and built in the U.S. 

Britain's own contribution to its 
strategic nuclear force (defined as the 
nuclear force that could attack, from 
its normal stations, targets in the terri­
tory of the Soviet Union) has large­
ly been limited to the construction of 
four Resolution-class nuclear-powered 
submarines. These aging submarines 
are still the mainstay of the British 
strategic force. Each is capable of fir­
ing 16 American Polaris submarine­
launched ballistic missiles (SLBM'S) . 

Britain has replaced the missile's origi­
nal warhead-dispensing system with a 
more advanced system of British de­
sign known as Chevaline. It is intended 
to overcome ABM defenses (in particu­
lar the Galosh defense currently pro­
tecting Moscow) with a combination 
of decoys, obscuring chaff and maneu­
vering reentry vehicles (RY'S). From 
three to six RY'S, each containing a 40-
kiloton warhead (with a yield equiva­
lent to the explosive energy of 40,000 
tons of TNT), are said to be carried 
by Chevaline-outfitted SLBM'S. (They 
are not multiple independently tar­
getable reentry vehicles, or MIRY'S, al-
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H.M.S. REPULSE is one of four Resolution-class nuclear-powered 

submarines in Britain's Royal Navy. Each submarine can serve as 

an underwater launch platform for 16 U.S.-supplied Polaris ballistic 

missiles that have been outfitted with British nuclear warheads. Al­
though Britain's ballistic-missile-submarine fleet is nominally a 

34 

part of the allied forces of the North Atlantic Treaty Organization, 

Britain has reserved the right to assume unilateral command of 
the fleet if its supreme national interests are imperiled. The Resolu­

tion-class submarines are to be replaced in a decade by four new 

submarines that will carry more capable U.S. Trident II missiles. 
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though they can strike more widely 
separated targets than the earlier Po­
laris RV'S could.) 

Further modernization of the sub­
marine-based deterrent is considered a 
pressing problem in Britain. By the 
mid- 1990's the Resolution-class sub­
marines will be almost three decades 
old and ready for retirement. More­
over, by that time keeping a ready 
stock of operational Polaris missiles 
would be difficult and costly. (Britain 
has already been forced to replace de­
fective solid-fuel Polaris motors at 
great expense.) 

In July of 1980 the administration of 
Prime Minister Margaret Thatcher an­
nounced its decision to buy the Trident 
I SLBM from the U.S. and to install the 
missile in four new British-built sub­
marines beginning in the mid- 1990's. 
In March of 1982 the British govern­
ment revised its decision, choosing in­
stead to purchase the more capable 
Trident II SLBM (which is not due to 
be operational until 1989 in U.S. sub­
marines). The new British submarine 
would carry 16 SLBM'S, each outfitted 
with eight MIRV'S. The British SLBM 
force would then reach a total of 5 12 
warheads. 

Whether Britain will be able to car­
ry through its Trident modernization 
program fully (or, for that matter, 
whether it will even continue to field 
an independent nuclear force) is an 
open question. A strong disarmament 
movement has taken hold in Britain, 
and the opposition Labour Party ad­
vocates unilaterally abandoning the 
nuclear deterrent. Some Conservative 
members of Parliament as well as 
members of the Social Democratic 
Party have also attacked the nuclear 
program on financial grounds. They 
believe the money might be better 
spent bolstering Britain's conventional 
military forces. 

The unsettled issue of moderniza­
tion will almost certainly continue un­
til the next election, possibly as late as 
1988. By that time so much money 
may have been spent on research, de­
velopment and production (the total 
cost of which is currently estimated to 
be about nine billion pounds, or about 
$ 15 billion) that it may be political­
ly difficult to cancel the entire Tri­
dent program regardless of which par­
ty wins the parliamentary majority. 

In contrast to its neighbor across the 
English Channel, France has re­

mained staunchly aloof from the U.S. 
while pursuing its own nuclear-weap­
on program, which includes aircraft, 
land-based missiles and nuclear sub­
marines. The primary aircraft of the 
French strategic air force is the ob­
solescent Mirage IVA, in trod uced in 

1964. These bombers, based in north­
eastern France, currently number 
about 22. With airborne refueling the 
Mirage IVA has a range of 3,200 kilo­
meters, enough to reach targets in the 
western Soviet Union. Each aircraft is 
reported to carry a 70-kiloton nuclear 
bomb. France is equipping 18 of the 
bombers with a medium-range air-to­
surface nuclear missile to preserve the 
aircraft's effectiveness as a delivery 
system for another decade. 

France's S-3 missile, based in under­
ground silos, is also able to strike tar­
gets in the Soviet Union. Each missile 
carries a single one-megaton warhead 
(equivalent to a million tons of TNT). 
Only 18 have been deployed. Given 
the vulnerability of such fixed, land­
based missiles to a nuclear attack, the 
French government has studied the 
possibility of deploying a mobile inter­
mediate-range missile, designated the 
S-X. The deployment of such a missile 
is uncertain, given fiscal constraints 
and doubts as to the military need for a 
larger land-based strategic force. 

Like the British, the French regard a 
fleet of ballistic-missile submarines as 
the cornerstone of their strategic nu­
clear forces. Half of France's total in­
vestment in nuclear-weapon systems 
has been devoted to the strategic sub­
marine force, the Force Oceanique 
Strategiq ue (FOST), since its establish­
ment in 197 1. 

FOST consists of five Redoutable­
class submarines and one newly com­
missioned InfleXible-class submarine. 
The older submarines are armed with 
16 single-warhead M-20 SLBM'S. The 
new submarine is armed with the M-4 
SLBM, the first MIRved French missile. 
Since an M-4 carries six RV'S and there 
are 16 of these missiles on board the 
Inflexible. the number of SLBM war­
heads available to the French more 
than doubled when the submarine 
joined the force last year. By the early 
1990's five of the six submarines will 
carry the M-4 missile. As a result 
France's sea-based nuclear force will 
have a total of 496 warheads. A sev­
enth submarine, to be equipped with a 
new MIRved SLBM (designated M-5), is 
sched uled for delivery in 1994, further 
increasing the total. 

The French modernization plans 
seem unlikely to be upset by the vaga­
ries of domestic politics. There ap­
pears to be a remarkable political con­
sensus in France in support of its nu­
clear program. Although the Socialist 
and Communist parties were initial­
ly opposed to the idea of a national 
strategic nuclear force, since the late 
1970's they have joined the parties of 
the center and the right in supporting 
it. Indeed, the Socialist government 
of President Fran�ois Mitterrand has 

pushed for modernization of the nu­
clear force at the expense of France's 
conventional forces (particularly as re­
flected in manpower levels). 

Along with doubts about the reliabil­
I\.. ity of the American guarantee to 
engage its nuclear forces in defense of 
Europe, arguments emphasizing the 
intrinsic political and military value of 
nuclear weapons have been advanced 
by British and French government of­
ficials to justify nuclear-weapon pro­
grams. Advocates of an independent, 
albeit modest, nuclear arsenal argue 
that an ever present threat to detonate 
nuclear warheads over cities in the en­
emy homeland is enough to effectively 
deter any potential aggressor-includ­
ing as formidable an opponent as the 
U.S.S.R. Such reasoning has from the 
start underlain the strategic doctrine 
of Britain and France. Yet each coun­
try has behaved differently in planning 
for the commitment of its nuclear 
weapons in the event of a war that, the­
oretically at least, no one would be 
foolish enough to start. 

In keeping with NATO'S command 
structure, potential targets for nuclear 
destruction are assigned to Britain by 
the organization's supreme allied com­
man,der in Europe, who has always 
been an American officer. Because the 
Polaris missile is not very accurate, the 
target lists currently handed to the 
British probably include such vulnera­
ble military installations as airfields, 
supply depots and troop-marshaling 
areas. Nevertheless, Britain retains fi­
nal authority over its own sea-based 
strategic force and has reserved the 
right to employ it as the "ultimate 
guarantor of national security." To­
ward this end separate target lists are 
drawn up at Whitehall. In keeping with 
the notion that the threat of substantial 
national destruction is the best deter­
rent, presumably the targets on this 
British list are key Soviet urban and 
industrial centers rather than military 
installations. 

Because France's array of nuclear 
weapons is somewhat more varied 
than Britain's, it is not surprising that 
France has opted for a slightly dif­
ferent targeting doctrine. French doc­
trine stresses the "neutralization of the 
adversary's administrative, economic 
and social structures"; it would entail 
a large number of civilian casualties. 
Furthermore, France officially refuses 
to allow inclusion of any of its nuclear 
forces in NATO war plans, although ru­
mors persist that at least informal con­
sultations to coordinate forces in the 
event of war have taken place between 
France and its allies. 

Assuming that Britain and France 
continue to abide by a doctrine that as-
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GROWTH OF EUROPEAN STRATEGIC FORCES (those European military forces that 

are capable of attacking the Soviet homeland from their normal stations) is characterized 

by a pronounced shift in the vehicles that would deliver nuclear warheads. The forces of 

Britain (top) and France (bottom) were initially composed of bomber aircraft, but by 1975 
submarine-launched ballistic missiles (SLHM'S), which are better able to survive a nuclear 

strike, dominated the European strategic arsenals. France's force is further distinguished 

by the deployment of a few land-based intermediate-range ballistic missiles (IIH1M'S). Both 

countries intend to augment their forces drastically in the next decade by deploying new 

ballistic-missile submarines and increasing the number of warheads carried by each SLII\I. 
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signs available RV'S or nuclear bombs 
to major Soviet urban and industri­
al centers, how would each country's 
force-modernization program affect 
the mission of its strategic force? Be­
cause the effectiveness of the British 
and French nuclear deterrents is based 
on a "credible" threat of massive de­
struction, we constructed a computer 
model for calculating the levels of 
urban and industrial damage that the 
Anglo-French strategic forces could 
inflict on the Soviet Union. 

Our results indicate that In 1985 
France's strategic force could have 
caused between 23 and 34 million 
fatalities while destroying between 16 
and 25 percent of Soviet production 
capacity (which includes such facili­
ties as factories, steel mills, oil refiner­
ies and chemical plants). By the end of 
1990 these figures will increase signifi­
cantly: potential fatalities could range 
from 38 to 55 million, and between 25 
and 40 percent of Soviet production 
capacity could be destroyed. The dam­
age would rise to even higher levels in 
1995, when France's seventh ballistic­
missile submarine is to be commis­
sioned, at which time up to 8 1  million 
Soviet citizens could be killed and up 
to two-thirds of its production capaci­
ty could be ruined by a nuclear attack. 

The capability of Britain's strategic 
force to inflict damage on the Soviet 
Union will also increase over the next 
decade, although not at the same pace 
as that of France's force. Applying the 
same analysis to the British force as 
was applied to the French (and assum­
ing that all SLBM'S carry a six-warhead 
Chevaline payload), we estimate that 
the potential casualties from a British 
nuclear attack would range anywhere 
from six to 2 1  million dead; concom­
itant losses in the production base 
would range from 5 to 15 percent. Al­
though there will be no changes in the 
composition of the British force until 
1990, these damage levels will proba­
bly decline slightly in the meantime 
owing to improvements in the Mos­
cow ABM system. Assuming each Po­
laris SLBM carries only three RV'S, dam­
age levels would be much lower, 
amounting to between three and eight 
million fatalities and about 5 percent 
of the production base. 

With the introduction of Trident II 
SLBM'S into its nuclear force In the 
1990's, however, Britain would be able 
to inflict between 24 and 68 million 
Soviet fatalities and to incapacitate up 
to half of the Soviet prod uction base. 
Given the overwhelming number of 
warheads in the planned British Tri­
dent force, the effectiveness of the 
Moscow ABM system would have little 
impact on overall damage levels. 

If the U.S.S.R. is dissuaded from at-
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tacking Britain or France by the mag­
nitude of the potential toll in human 
Eves and prod uction capability that a 
nuclear war with either country could 
exact, then the proliferation of war­
heads entailed by both countries' 
force-modernization programs would 
clearly increase the deterrent effec­
tiveness of their strategic forces. In­
deed, the levels of damage approach, if 
they do not exceed, the "assured de­
struction" criteria set for U.S. strategic 
forces in the 1960's. 

The increased numbers of warheads 
available to both nations could 

also allow either to adopt a revised 
targeting doctrine. The 1980 British 
White Paper (equivalent to the U.S. 
Secretary of Defense's annual Posture 
Statement) admitted that "there might 
with changing conditions be more than 
one way of posing a threat to Soviet 
state power" and that "some flexibility 
in contingency planning is appropri­
ate." In other words, warheads could 
be devoted to targets other than cities, 
provided enough warheads have been 
set aside to ensure a deterrent of last 
recourse based on massive urban and 
ind ustrial destruction. 

In accordance with such a doctrine 
the British might willingly make avail­
able to NATO'S limited-target options 
any warheads beyond those deemed 
necessary to sustain a credible inde­
pendent nuclear deterrent. These op­
tions present the NATO supreme com­
mander with alternative attack plans 
for scenarios short of urban-industrial 
annihilation. In such plans British Tri­
dent SLBM'S could be launched against 
the same kinds of targets in the Euro­
pean theater of operations as are as­
signed to the U.S. Pershing II: military 
command and control centers, storage 
sites and bases. 

For France the question of limited­
target options is a more difficult one. 
Many French observers have main­
tained that an increase in the number 
of warheads would enhance deter­
rence by making it possible to target a 
wide spectrum of military installations 
in addition to urban and industrial 
centers. They argue that as things now 
stand the French government has no 
choice other than to threaten massive 
destruction in the Soviet homeland-a 
recourse that most certainly would 
subject France to a comparable retal­
iatory attack. Because France would 
be inviting national suicide if deter­
rence fails, these observers have ar­
gued that war plans should include op­
tions far short of an all-out attack on 
the social fabric of the U.S.S.R. 

The French government has consis­
tently rejected these arguments and af­
firmed the deterrent effect of an "anti-
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NUCLEAR DELIVERY VEHICLES in the current strategic arsenals of Britain and 

France are printed in black in this table; those expected to be in the arsenals a decade from 
now are printed in color. All the SLBM'S in the British arsenal were originally developed 
and manufactured in the U.S., although the warhead-dispensing mechanism on the Cheva­

line version of the Polaris missile and on the Trident II is of British design. An asterisk 

indicates that a missile's warheads are contained in multiple independently targetable reen­
try vehicles, so that the warheads of a single missile can strike widely separated targets. 

cities" nuclear posture. As the stra­
tegic nuclear force expands over the 
next decade, however, it is conceivable 
that the government might reconsider 
its nuclear doctrine. 

Although each country's capacity to 
inflict damage on the Soviet Union 
will increase over the next decade, a 
combined European nuclear deterrent 
based on Anglo-French cooperation 
could be even more militarily effec­
tive. Because the damage that can be 
inflicted on urban and industrial areas 
quickly reaches a point of saturation, 
the main advantages of a joint force 
would have little to do with overall 
damage levels. Rather, a combined 
Anglo-French force would allow 
greater targeting flexibility because 
there would be a larger pool of war­
heads to choose from; the combined 
force would be able to keep greater 
numbers of warheads in reserve after 
initial strikes and, because of its great­
er dispersal, it would increase Western 
European confidence in its ability to 
retaliate. 

F rom the Soviet perspective the ex­
pansIOn of European strategic 

forces has broad and serious implica­
tions. Certainly the adoption of lim­
ited-target options by the British or 
French would severely complicate 
Soviet military planning, particularly 
that related to land battles in Europe. 
Yet it is the sheer destructive potential 
wielded by the European nuclear pow­
ers that presents the worst possible sce­
nario to the U.S.S.R.: a nuclear attack 
by a third nuclear power could seri-

ously cripple the Soviet Union, leav­
ing it extremely vulnerable to a subse­
quent U.S. attack. To forestall such 
a scenario the U.S.S.R. might consid­
er deploying a nationwide ballistic­
missile defense. Up to this point we 
have been assuming that the U.S.S.R. 
could count on a maximum of 100 
ABM-interceptor launchers around 
Moscow (as permitted under the ABM 
Treaty of 1972) to defend itself against 
a strategic nuclear attack. Could an ex­
pansion of the Soviet ABM system to 
cover other urban and industrial areas 
of the Soviet Union severely hinder 
the effectiveness of the European nu­
clear forces? 

If we assume that the Soviets abro­
gate the ABM Treaty in the late 1980's 
or early 1990's and deploy up to 1,000 
ABM launchers by 1995, the damage 
European forces could inflict on the 
Soviet Union might be significantly re­
duced. This would be the case only if 
the Soviet defense system were highly 
reliable: if each ABM interceptor were 
to have at least a 60 percent probabili­
ty of destroying an incoming RV, and if 
there were to be a large number of 
ABM-interceptor launchers. A less ca­
pable defense would minimize only 
slightly the destruction the European 
nuclear forces could wreak. 

For a combined Anglo-French nu­
clear-attack scenario, damage poten­
tial begins to decline only as the size of 
the Soviet missile defense approaches 
1,500 deployed interceptors. Such a 
defense would require a large-scale 
and very costly Soviet ABM program. 
Hence, according to our calculations, 
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as long as no more than a moderately 
large number of interceptors (fewer 
than 800) are deployed in an upgraded 
Soviet ARM system, and as long as the 
interceptors are no more than moder­
ately capable (less than 60 percent ef­
fective), the British and French nucle­
ar forces can continue to be fairly reli­
able in their respective deterrent roles 
into the 1990's. 

TRIDENT II 

Soviet deployment of even a moder­
ately large missile-defense system of 
limited effectiveness would nonethe­
less be likely to affect European target 
planning. British and French defense 
planners might feel compelled to ex­
pend large numbers of warheads on a 
smaller number of targets to ensure 
that at least some warheads would 
penetrate the defenses protecting key 

targets. That might preclude the adop­
tion of strategies based on limited-tar­
get options, since the entire inventory 
of nuclear weapons might be required 
to execute an urban and industrial at­
tack. A large-scale Soviet missile de­
fense could also have a broad impact 
on Britain and France by introducing 
greater uncertainty as to the amount of 
damage that their relatively modest 

APPROXIMATE RANGES of British (black) and French (color) 
missiles and aircraft determine which cities in the U .S.S.R. could 

be targeted by which delivery vehicles. The presumed launch areas 

for SLRM'S are shown as disks. This information was used for calcu­

lating the loss in lives and in production capacity that would be 
inflicted on the U.S.S.R. by a hypothetical European nuclear attack 

(see illustratiolls 011 opposite page alld page 41). Each target city 

within range of a delivery vehicle was allocated one warhead of the 
type carried by the vehicle; any warheads remaining after this ini­

tial distribution were apportioned to the cities according to each 

city's size. It was assumed that warheads would be detonated at 

altitudes maximizing damage from the blast of the nuclear explo­

sion. The area subject to blast overpressures equal to or greater 
than five pounds per square inch was taken as the unit of measure­

ment: it was assumed that all people within the area would be killed 

and all buildings would be destroyed. A target city was deemed to 

be "saturated" when all its urban area was subjected to the lethal 
overpressure. It was assumed that an anti-ballistic-missile (ARM) 
system protecting a target city could be countered by allocating 
more warheads to compensate for the ARM system's effectiveness. 
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strategic forces could inflict in a mas­
sive attack. 

The effectiveness attributed to a So­
viet ABM interceptor is a critical 

factor in our computer model, and we 
have probably overestimated it in our 
calculations. More realistic assump­
tions about the performance of a Sovi­
et ABM system, of course, would mean 
that the Soviets would need to deploy 
even more ABM-interceptor launchers 
to destroy the same number of incom­
ing RY'S. Moreover, in the likelier cri­
sis scenarios, where forces have been 
placed on generated alert (in which al­
most all nuclear delivery systems are 
on station, standing by to launch an 
attack), very large numbers of ABM 
launchers are needed before a Soviet 
ABM system could have a significant 
impact. Hence, even after a substantial 
investment, an augmented ABM system 
might still fall short of acquiring prac­
tical military utility against the Euro­
pean forces. 

What is perhaps the most critical as­
sumption in our computer model has 
nothing to do with the ABM hardware; 
it has to do with the Soviet strategy for 
engaging incoming RY'S. In our analy­
sis we assumed that multiple intercep­
tion attempts could be made against 
each incoming RY. In other words, it 
is assumed that if an ABM interceptor 
misses its target RY, other interceptors 
would be fired at the RY until it is 
destroyed or until all interceptors are 
expended. 

Yet in the event of a nuclear war So­
viet strategists would probably consid­
er any European attack as a precursor 
to an American one, and they would 
be reluctant to exhaust their defensive 
potential against the first and less pow­
erful attacker. If the assumed rules of 
RY engagement are altered to allow 
only one interception attempt against 
each European RY, the performance 
of the Soviet missile defense declines 
precipitously. For example, against a 
1995 British attack in a state of low 
day-to-day alert (when only one sub­
marine is on station and ready to 
launch its missiles), a SOO-launcher 
ABM system that allows multiple inter­
ception attempts reduces the postulat­
ed immediate Soviet fatalities to only 
309,000. The identical attack and de­
fensive deployment, allowing this time 
for only a single chance at intercep­
tion, would lead to a projection of 
some 13 million fatalities. 

In sum, although a Soviet ABM sys­
tem could pose a challenge to Europe­
an nuclear forces, the mere existence 
of third-country nuclear forces com­
plicates the operation of any Soviet 
ballistic-missile defense. In order to 
maintain an effective defense the So-

viet ABM system must be sufficiently 
large and robust to absorb all third­
country attacks while retaining the ca­
pability to meet any subsequent Amer­
ican attack. A defense of this magni­
tude would be an extremely difficult 
and costly undertaking. Clearly a less 
costly option for the U.S.S.R. might be 
found at the negotiating table. 

Since the late 1960's, however, Brit­
ain, France and the U.S. have been 

united in excluding European nucle-
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ar forces from negotiated constraints. 
Every Soviet attempt to place British 
and French forces with American ones 
on one side of the scale when balanc­
ing Western and Soviet strategic forces 
has been rejected by the U.S. as a thin­
ly veiled attempt to legitimize Sovi­
et strategic superiority over the U.S. 
Even in discussions more pertinent to 
the Europeans themselves, such as the 
recent negotiations on intermediate­
range nuclear forces (INF), Britain and 
France, supported by the U.S., have in-

FRENCH ATTACK 
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1985 1990 1995 

THREAT OF DESTRUCTION to Soviet society, with which Britain and France aim to 
deter aggression against them by the U.S.S.R., will increase markedly as force-moderniza­

tion programs are implemented. Potential fatalities resulting from a European nuclear at­

tack on major urban and industrial centers are plotted as a percent of the Soviet population; 

ruined production facilities are plotted as a percent of total Soviet manufacturing capacity. 

Various levels of readiness can be attributed to the attacking forces: generated alert (color), 
in which almost all forces have been ordered to stand by for an attack; day-to-day alert 
(black), in which aircraft, submarines or missiles in routine overhaul are excluded, and, in 

the case of the British forces, low day-to-day alert (gray), in which only one submarine is 

assumed to be ready to fire its missiles. The calculations do not take any Soviet civil­

defense measures into account. Only Moscow is credited with an ABM system, each inter­
ceptor of which was given a 30 percent chance of stopping an incoming reentry vehicle. 
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RESERVE WARHEADS are those left over after enough warheads have been allocated to 
ensure the saturation of all target cities. The number of reserve warheads depends on 

whether the largest 10, 25, 50 or 100 Soviet cities have been designated as targets and 

whether the forces attacking the cities are in a state of generated alert (color), day-to-day 

alert (black) or low day-to-day alert (gray). Already by 1985 French forces in generated 

alert could have had a few warheads left over after effectively destroying the 10 largest 

Soviet cities. Britain would have to wait until 1995, when the Trident II SLBM is deployed, 

before counting on any extra warheads after a massive nuclear attack on the U.S.S.R. 

sisted on remaining exempt from any 
limits that might be placed on Ameri­
can nuclear weapons based in Europe. 

The U.S., Britain and France have 
advanced a number of arguments for 
this exclusion of British and French 
forces from any limitations, some of 
which are not entirely convincing. For 
instance, the American assertion that 
these forces are not meant to deter at­
tacks against other alliance members 
may be true for France, but it is not 
true for Britain. British nuclear weap­
ons are normally considered part of 
NATO'S forces; only in the most ex­
treme circumstances would Britain as­
sume unilateral command of its nucle­
ar forces. 

The Western assertion that the Eu­
ropean forces are not "theater" forces 
but rather are "strategic" and ought 
not to be considered in the INF fo­
rum contradicts an earlier stance in 
the Strategic Arms Limitation Talks 
(SALT), in which the American delega­
tion maintained the reverse. Finally, 
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the Western allies have argued that the 
European forces are too small to be 
considered a threat. This may be true 
if they are compared in terms of sheer 
numbers with the entire Soviet stra­
tegic force. It certainly is not true if 
they are compared with Soviet the­
ater forces, however. Moreover, nu­
merical comparisons evade the real 
point, namely that European forces as 
they now stand could inflict unprece­
dented damage on the Soviet Union. 

It is not clear whether Western argu­
ments will enable the two European 
nuclear powers to avoid inclusion in 
arms-control negotiations much long­
er. As we have stated above, given 
their planned force modernizations, 
the combined British and French for­
ces would in fact account for a signifi­
cant percentage of the Soviet strate­
gic force. Any new bilateral strategic 
arms-control agreement would only 
worsen the Soviet Union's position vis­
a-vis Europe. For example, a strategic­
arms agreement in accordance with 

the current U.S. proposal would limit 
Soviet strategic forces to about 7,000 
deliverable warheads and bombs. In 
such a case the forces available to an 
unconstrained Britain and France in 
1995 might equal about 16 percent of 
the Soviet total. 

The increasing ability of the Euro­
pean forces to inflict severe damage on 
the Soviet Union, not to mention the 
problems they present for Sovjet de­
fense planners, is almost certain to re­
sult in continued Soviet pressure to in­
clude the British and French forces in 
any new arms-control agreement. To 
the extent that such treaties are consid­
ered beneficial to international securi­
ty in general, a solution to the third­
nuclear-power issue may have to be 
found sooner rather than later. 

I ronically, it might well be in the 
interest of the U.S. and its allies 

to submit to the long-standing Soviet 
wish that European forces be includ­
ed in the arms-control process. Al­
though the modernization of Europe­
an forces will no doubt enhance their 
contribution to the deterrence of a So­
viet attack, uncontrolled expansion of 
European nuclear arsenals may low­
er the threshold of confrontation at 
which Britain and France would fire 
their nuclear weapons. In such a case 
the U.S. could conceivably be dragged 
into a full-scale nuclear war as the re­
sult of a situation not of its own mak­
ing. For example, the Soviet Union 
may not be able to tell a European 
SLBM from an American one. Conse­
quently, if one of the European nucle­
ar powers were to launch an SLBM to­
ward the Soviet Union early in a crisis, 
the Soviet Union might respond with 
a retaliatory attack indiscriminately 
aimed at Western forces, including 
those of the U.S. 

Furthermore, a move toward great­
er autonomy in nuclear matters on the 
part of Britain and France has a multi­
tude of political overtones that rever­
berate to the very core of U.S.-Euro­
pean relations. An increasingly inde­
pendent European defense based on 
the threatened use of nuclear weapons 
against the Soviet homeland probably 
would be detrimental to the goal of a 
politically and militarily unified West­
ern alliance. In this context, refusal 
by Britain and France to take part in 
the arms-limitation process could be 
viewed as a further sign of diminishing 
European confidence in the American 
nuclear guarantee and, by extension, 
in the NATO alliance as a whole. If the 
alliance is to remain as close as it has 
been in the past, it may be wise to en­
courage the integration of European 
forces into the arms-control process. 

Inclusion of the European strategic 
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forces in agreements could take any of 
several forms. One simple solution 
would be to place equal ceilings on 
the total number of nuclear delivery 
systems and warheads of the Soviet 
Union and of NATO. Such an approach 
would probably be politically unac­
ceptable in Europe and the U.S. Al­
ternatively, the British and French 
could each negotiate bilaterally with 
the U.S.S.R. for protocols or separate 
treaties linked to a comprehensive So­
viet-U.S. agreement. This would be a 
straightforward approach to Anglo­
French participation in arms-control 
negotiations. Such separate limits on 
the British and French could help to 
lay the groundwork for future multi­
lateral negotiations that might limit 
-nuclear forces according to certain as­
signed ratios. 

Although Britain and France have 
expressed a number of stringent pre­
conditions for participation in any nu­
clear-arms-control discussions (such 
as a significant reduction of the super­
powers' arsenals), securing European 
cooperation could ultimately hinge on 
how the critical issue of strategic de­
fense is resolved. Both Western Euro­
pean countries have made it clear that 
before entering strategic-arms negoti­
ations they want reassurances that 
constraints on defensive systems will 
be given high priority on the agenda. 
They are afraid that the SDI program 
and its Soviet counterpart, as well as a 
budding antisatellite arms race, threat­
en to undermine the ABM limits exist­
ing under the SALT regime. The ulti­
mate result could be abrogation of the 
ABM treaty and the deployment of ex­
tensive strategic defenses in the U.S. 
and the U.S.S.R. 

Clearly Britain and France would be 
relatively better off if the status quo, 
which remains almost free of ballistic­
missile defenses, were preserved. Al­
though expansion of the current Ga­
losh system could limit British and 
French targeting plans, it probably 
would not significantly undermine the 
deterrent effect of the British and 
French nuclear forces. A 2 1st-century 
Soviet ABM system could undermine it, 
however. Furthermore, a 2 1st-century 
American ABM system such as those 
being proposed under SDI could decou­
ple European defenses from that of 
the U.S. In spite of American offers to 
extend any future defensive umbrella 
over Europe and in spite of official 
British participation in sDI-related re­
search and French enthusiasm for the 
multilateral Eureka defense-technolo­
gy research effort, the European allies 
have been lobbying the superpowers 
to refrain from a long-term defensive 
buildup. 

It is not clear how the U.S. will treat 

this issue in future arms-control ne­
gotiations. Unless the U.S. concedes 
some limitations on defensive weap­
onry, it is unlikely that the U.S.S.R. 
will agree to limit its offensive nucle­
ar weapons; the issue of British and 
French participation in arms control 
will remain moot. On the other hand, 
an American offer that reinvigorates 
limitations on defensive systems and 
accommodates some limitations on 
antisatellite weapons might induce the 
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U.S.S.R. to cut its offensive strategic 
forces. Under such circumstances it 
would be propitious for Britain and 
France to take part in the arms-control 
process, particularly if U.S. conces­
sions on defensive limits were por­
trayed, in part, as an effort to take al­
lied concerns into account. The partic­
ipation of Britain and France could 
help to seal a formal agreement en­
suring the continued viability of their 
independent deterrent. 

FRENCH ATTACK 
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NATIONWIDE SOVIET ABM DEFENSE based on 20th-century technology could re­
duce the level of damage inflicted by European forces, but it would not significantly hinder 

the effective destruction of the 25 largest Soviet cities if the attacking European forces 

were in a condition of generated (color) or day-to-day (black) alert unless more than about 
800 ADM interceptors were deployed. A British nuclear attack initiated under conditions of 

low day-to-day alert (gray) could be blunted by about 300 interceptors. For these graphs it 
was assumed that each ADM interceptor would be 60 percent effective, an assumption that 

probably exaggerates its likely effectiveness. A 21st-century ballistic-missile defense could 
be substantially more effective than a 20th-century one, and it could pose a more serious 
threat to the independent nuclear deterrent of Britain and France. Negotiating an arms­
control treaty with the U.S.S.R. might be the best way to prevent deployment of a Soviet 
ARM system that undermines the European deterrent in this century as well as in the next. 
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Quasicrys tals 

These newly discovered materials embody a novel kind of order, 

in term edia te between crystalline and amorphous. Their structure 

can be understood through the mathematical theory of tiling 

I
n 1984 investigators working at the 

National Bureau of Standards 
found a material that seemed to 

violate one of the oldest and most 
fundamental theorems of crystallogra­
phy. The material appeared to have 
the same kind of order that is inherent 
in a crystal, but it also appeared to be 
symmetrical in ways that are physical­
ly impossible for any crystalline sub­
stance. Further investigations into the 
microstructure of this material have 
shown that it embodies a new kind 
of order, neither crystalline nor com­
pletely amorphous. Materials struc­
tured around this new kind of or­
der seem to forge a link between con­
ventional crystals and the materials 
called metallic glasses, which are sol­
ids formed when molten metals are 
frozen so rapidly that their constitu­
ent atoms have no time to form a crys­
talline lattice. The new materials have 
therefore been called quasicrystals. 

A conventional crystal is a particu­
larly well-ordered arrangement of at­
oms or molecules. It is a latticework, 
in which identical "unit cells"-the 
building blocks of the crystal, each of 
which contains precisely the same dis­
tribution of atoms-fit together regu­
larly and periodically to fill space. In­
herent in every crystal structure are 
certain symmetries. For example, a 
crystal is said to have threefold rota-

by David R. Nelson 

tional symmetry if the latticework of 
the crystal would look precisely the 
same after the crystal was rotated 
through one-third of a full circle, or 
120 degrees. (An elementary example 
of a shape that has threefold rotational 
symmetry is the equilateral triangle.) 
Crystals might also have fourfold or 
sixfold rotational symmetry (as do the 
square and the hexagon respectively). 
A crystal can never have fivefold rota­
tional symmetry, however, for much 
the same reason that it is impossible to 
tile a plane-to cover it completely 
with shapes that do not overlap-us­
ing only shapes that have fivefold 
symmetry, such as pentagons. 

It was therefore a tremendous sur­
prise to most crystallographers and 
condensed-matter physicists when 
Dany Shechtman, Han Blech, Denis 
Gratias and John W. Cahn reported 
the crystallographic properties of a 
particular rapidly cooled sample of an 
aluminum-manganese alloy. It had 
scattered a beam of electrons onto a 
photographic emulsion in a way that 
formed a sharply defined pattern dis­
playing fivefold symmetry. The sharp 
definition of the pattern indicated that 
the material had long-range order, be­
cause it meant that atoms in many 
parts of the sample had reflected the 
electron beam in the same way. Yet 
the symmetry of the pattern, which 

PENROSE TILING is a two-dimensional analogue of newly discovered materials called 
quasi crystals or shechtmanite. The pattern is not periodic (it cannot be broken down into a 
single unit cell that repeats indefinitely), but it has certain kinds of order that are usually 
associated with periodic tilings. For example, the decagons (lO-sided, nearly circular fig­
ures) found throughout the tiling all have the same orientation (the sides of one decagon are 
parallel to the sides of the others) just as the unit cells of a periodic tiling all have the same 
orientation. Unlike any possible periodic tiling, however, a Penrose tiling has a kind of 
fivefold rotational symmetry: there is a sense in which the pattern is unchanged when it is 
rotated through one-fifth of a full circle, or 72 degrees. Like Penrose tilings, the microscop­
ic structure of quasicrystals also has a fivefold symmetry. Fivefold symmetry is impossible 
in any conventional crystalline material (any material built up of a single unit cell that 
repeats periodically), and so shechtmanite, although it is highly ordered, cannot be a con­
ventional crystal. Penrose tilings were invented by Roger Penrose of the University of Ox­
ford. Tiles here were manufactured by Saxe Patterson (Tao� Clay Products) of Taos, N.M. 

was apparent no matter where in the 
sample the beam was aimed, indicated 
that the material's underlying struc­
ture had some kind of fivefold symme­
try. Other investigators have found 
that these same properties can be in­
duced in many metals besides alumi­
num and manganese. 

Further analysis of the scattering 
pattern has revealed the origin of these 
remarkable properties. The unit-cell 
structure of most crystals is based on 
such Platonic solids as the cube, the 
tetrahedron and the octahedron. These 
new materials (which as a class I shall 
call shechtmanite, following a sugges­
tion by Cahn) have a structure based 
instead on another Platonic solid, the 
icosahedron: a figure that has 20 faces, 
each of them an equilateral triangle. 
Until this discovery there had been al­
most a conspiracy of silence about the 
icosahedron in the physics literature. 
Many respected physics texts state 
flatly that the icosahedron is "of no 
physical interest." The reason for such 
skepticism is that the icosahedron has 
a fivefold symmetry-five faces meet 
at each of its vertexes-and so it can­
not serve as the unit cell of any con­
ventional crystal. 

How has shechtmanite managed to 
find a way around a universally rec­
ognized theorem of crystallography? 
The answer to this question has come 
from a study of the microscopic struc­
ture of rapidly cooled metal alloys and 
from the mathematical theory of tiles 
and tiling. 

In order to understand the underly­
ing structure of shechtmanite qua­

sicrystals it is first necessary to have 
some understanding of the structure 
of a conventional crystal. Convention­
al crystals possess two kinds of long­
range order, known respectively as ori­
entational order and translational or­
der. These can be seen in one of the 
simplest crystalline arrangements of 
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atoms: the triangular lattice, which is 
the configuration assumed by billiard 
balls when they are racked up at the 
start of a game [see illustration below]. 

In this two-dimensional lattice every 
atom sits in a hexagonal cage formed 
by its six near neighbors. This hexa­
gon, with an atom at its center, is a unit 
cell of the crystal: the crystal can be 
broken down into a repeating pattern 
of hexagons. Because all the hexagons 
have the same orientation-that is, be­
cause the sides of each hexagon are 
parallel to the sides of all the others­
the crystal is said to exhibit long-range 
orientational order. 

The other kind of long-range order 
present in a crystal can be demon­
strated by drawing a family of parallel 
lines on the lattice. When the lines are 
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drawn so that every atom lies on one 
line or another, the lines will be spaced 
exactly evenly across the crystal. It 
is therefore possible to translate, or 
move, a few lines from one part of a 
crystal so that they match up precisely 
with the lines in another part of the 
crystal. Thus by examining any small 
part of the crystal one can determine 
the exact position and spacing of the 
lines in any other part: the crystal has 
long-range translational order. 

In a conventional crystal there are 
many families of parallel lines, each 
family facing in a different direction; 
the spacing between the lines may vary 
from family to family. In a three-di­
mensional crystal the lines are actually 
planes and are called lattice planes. 
When beams of X rays or electrons are 
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PERIODIC LATTICE illustrates two kinds of long-range order that are inherent in con­
ventional crystals. The pattern can be broken down into a number of hexagons, each with 
an "atom" at its center. Because the hexagons in one part of the crystal (lower right) have 
the same orientation as those in any other part (left center), the lattice is said to have "long­
range orientational order." The crystal's "long-range translational order" is demonstrated 
by the family of parallel lines that runs from the lower left to the right center of the lat­
tice. When the lines, which are called lattice planes in a three-dimensional crystal, are 
drawn so that every atom is on one line or another, the distance between two adjacent lines 
is exactly the same throughout the crystal. The position and direction of the lines in any 
part of the crystal could therefore be determined by translating, or moving, lines from any 
other part of the crystal. There are many families of parallel lines; another is drawn across 
the top of the lattice. The distance between adjacent lines may vary from family to family. 
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directed at a crystal, they are reflected 
and scattered by the lattice planes. By 
studying the directions in which the 
beams are scattered and the intensity 
of each scattered beam, investigators 
can determine which families of lattice 
planes must exist in the crystal; often 
they can deduce the precise locations 
of atoms. It was by this method that 
shechtmanite was found. The sharp 
pattern Shechtman and his colleagues 
noted indicated their sample had lat­
tice planes, but the pattern's fivefold 
symmetry indicated the material could 
not be a conventional crystal. 

To understand why a conventional 
crystal cannot have fivefold symme­
try, one need only consider an attempt 
to fill the plane with pentagonal, rath­
er than hexagonal, cells. Regular pen­
tagons, the simplest shapes that have 
fivefold symmetry, cannot serve as 
the unit cells of a crystal. The reason 
is that pentagonal cells, in contrast to 
hexagons, cannot fit tightly together 
without leaving a space: if two penta­
gons are joined along matching paral­
lel faces, a third cannot join them and 
fit tightly with both its neighbors. This 
misfit is an example of what con­
densed-matter physicists call frustra­
tion. In three dimensions as well as in 
two, it is impossible to pack shapes 
that have fivefold symmetry without 
some degree of frustration. 

I n two dimensions the hexagon is the 
most efficient packing unit: three 

disks fit tightly together to form a tri­
angle and six such triangles combine 
to form a hexagon consisting of seven 
disks. Remarkably, a similar line of 
reasoning indicates that the icosa­
hedron (which, because of its fivefold 
symmetry, cannot be the fundamental 
unit of a regular packing) should actu­
ally be the natural packing element in 
three dimensions: four hard spheres, 
which might represent atoms, fit tight­
ly together to form a tetrahedron (the 
"pyramid" shape in which cannonballs 
are usually stacked at battlefield mon­
uments) and, with small distortions, 20 
such tetrahedrons fit together to form 
an icosahedron consisting of 13 atoms. 

What happens, then, when one tries 
to pack spheres in a formation mod­
eled on an icosahedron? To begin 
with, the 1 3-atom icosahedron is not 
perfect. It is slightly frustrated, be­
cause there are small cracks between 
the 12 atoms arranged on its surface; 
each atom is about 5 percent farther 
from its neighbors on the surface than 
it is from the central atom. Like penta­
gons arranged on a plane, the atoms 
cannot simultaneously sit at identical 
distances from all their near neigh­
bors. Adding shells of particles only 
aggravates the frustration; the cracks 
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between atoms in the outer shells be­
·come progressively larger [see illustra­
tion on next page]. 

Because of this increasing degree of 
frustration, icosahedral order cannot 
propagate throughout a crystal. Over 
short distances, however, the icosahe-

a 

c 

TETRAHEDRON 

dral packing is very efficient. Follow­
ing this line of reasoning, Sir Charles 
Frank of the University of Bristol sug­
gested in 1952 that small regions of 
icosahedral symmetry should be quite 
prevalent in dense undercooled liquids 
(liquids that have been cooled below 

their freezing point). In such liquids, 
he conjectured, there might be many 
regions in which small clusters of at­
oms have nucleated to form icosahe­
drons. It was later realized that if such 
an undercooled liquid were to form 
a glass before crystallizing, the glass 

� FRUSTRATION 

� .  

ICOSAHEDRON 

TIGHT PACKING is not possible using only shapes that have five­
fold symmetry. Three hexagons can pack tightly together without 
leaving a crack, but three pentagons cannot (a); the misfit is called 
frustration. In two dimensions (b) the hexagon is the most efficient 
packing unit: three disks fit tightly to form a triangle, six triangles 
fit tightly to form a hexagon and the hexagons fit tightly to cover a 

plane. In three dimensions (c) four spheres pack tightly to form a 
tetrahedron and, with small distortions, 20 tetrahedrons fit tightly 
into an icosahedron. Icosahedrons, however, have fivefold symme­
try (five triangular faces meet at each vertex), and they cannot fit 
together tightly. Because icosahedrons cannot pack in a way that 
fills space completely, they cannot serve as a crystal's unit cells. 
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FRUSTRATION 

ICOSAHEDRAL CLUSTER of atoms is an efficient way to fill 
space over short distances, but it is progressively less efficient as it 
grows: cracks between adjacent atoms are larger in the outer shells. 

In some alloys, such as Mg32(AI,Zn)'9 (which can form shechtman­
ite), this frustration is relieved (not shown) by forcing additional at­
oms into the cracks that first appear in part 3 of the illustration. 

might consist of a number of small ico­
sahedral clusters somehow linked to­
gether. The atoms of the glass would 
then exhibit short-range icosahedral 
order in many very small regions. 

Frank's prediction seems to have 
been correct. In the early 1960's inves­
tigators first became able to cool met­
als rapidly enough to solidify them be­
fore they could crystallize. In the late 
1960's and early 1970's it was found 
that the atomic positions in these glas­
ses are modeled very well by certain 
disorderly groupings of hard spheres. 
The groupings contain many frag­
ments of icosahedrons, and so short­
range icosahedral order does indeed 
appear to be an important structural 
element in rapidly cooled liquids and 
metallic glasses [see "Metallic Glas­
ses," by Praveen Chaudhari, Bill C. 
Giessen and David Turnbull; SCIEN­
TIFIC AMERICAN, April, 1980]. 
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One extremely simple metallic glass 
is formed from an alloy of magnesi­
um and zinc. A related compound, the 
alloy Mg32(Al,Zn)49, is especially im­
portant in the study of quasicrystals. 
This is one of the alloys that, when 
they are cooled rapidly enough, form 
shechtmanite. When they are cooled 
even more rapidly, alloys of this kind 
often form glasses containing many 
small regions of icosahedral symme­
try. When Mg32(Al,Zn)49 is cooled 
more slowly, it forms a crystal in 
which small regions still have icosahe­
dral symmetry, although the crystal it­
self is not a pure packing of icosahe­
drons. The icosahedrons are packed, 
with slight distortions, into a pattern 
that has an overall cubic symmetry; 
the forbidden long-range icosahedral 
symmetry is therefore absent. It is like­
ly that the short-range icosahedral 
symmetries found in such glassy and 

crystalline states are somehow related 
to the long-range icosahedral symme­
try of shechtmanite. 

In crystalline Mg32(Al,Zn)49 the natu­
ral frustration of short-range icosa­

hedral packings is relieved by forcing 
additional atoms into the cracks be­
tween atoms in the icosahedral shells, 
thereby disturbing the symmetry of 
the clusters. The resulting dense con­
figuration of particles can be seen as a 
number of slightly distorted tetrahe­
drons with atoms at their vertexes; the 
bonds between atoms are the edges of 
the tetrahedrons. Tetrahedrons meet 
at common faces, and each edge, or 
bond, is shared by several tetrahedrons 
[see illustration on opposite page]. Both 
metallic glasses and crystalline alloys 
can be analyzed in this way. 

Each bond is shared by four, five or 
six distorted tetrahedrons; most are 
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shared by five. Such a grouping of five 
tetrahedrons around a common bond 
can be seen as a fragment of an icosa­
hedron. Wherever these groupings oc­
cur, then, the alloy has short-range ico­
sahedral order. To accommodate the 
frustration inherent in a packing of 
icosahedrons, 10 percent or more of 
the bonds must be shared by six, rather 
than five, tetrahedrons. 

It turns out that all the sixfold and 
fourfold bonds in the material are con­
nected into long lines, which are called 
wedge disclinations. Wedge disclina­
tions cannot begin or end inside the 
material, and at low temperatures they 
rarely cross. When molten metals are 
cooled rapidly, the lines can become 
tangled, thereby forming a metallic 
glass. When the metals are cooled 
more slowly, the wedge disclination 
lines have enough time to cross, and 
they link up into periodic networks. In 
many alloys the material then consists 
of a regular net of sixfold bonds 
threading through an otherwise com­
pletely icosahedral medium. This is 
the crystalline phase of the alloy; it is 
known as a Frank-Kasper phase. In the 
Frank-Kasper phase of Mg32(AI,Zn)49 
magnesium atoms lie at the sites that 
are joined by sixfold bonds, and small­
er aluminum and zinc atoms occupy 
the remaining, icosahedral sites. 

Metallic glasses and Frank-Kasper 
phases are good examples of how 
short-range icosahedral order can 
form and how it can be accommodat­
ed in a crystal that does not have long­
range icosahedral order. To under­
stand the long-range icosahedral order 
in shechtmanite requires a few ad­
ditional tools, which come from the 
mathematical theory of tilings. 

A tiling can be a good analogue of a 
crystal. Just as a crystal fills three­

dimensional space with unit cells, so a 
tiling fills two-dimensional space with 
tiles. Many properties of three-dimen­
sional crystals are also observed in 
two-dimensional tilings. For example, 
the two-dimensional hexagonal pack­
ing has the lattice planes and long­
range orientational symmetry that are 
found in three-dimensional crystals. 
It is reasonable to suppose, then, that 

CONFIGURATIONS of atoms found in a 
dense agglomeration of particles can be 
seen as close packings in which slightly dis­
torted tetrahedrons share common bonds. 
Most bonds are shared by five tetrahedrons 
(a), forming a fragment of an icosahedron. 
To relieve the frustration inherent in ico­
sahedral packings, some of the bonds must 
be shared by six tetrahedrons (b), forming 
a fragment of a solid that resembles an ico­
sahedron but has a sixfold symmetry axis. 
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some kind of tiling might also cap­
ture some of the unusual properties of 
'q uasicrystals. 

The tiling that is the best model for 
quasicrystals was actually developed a 
decade before shechtmanite was dis­
covered [see "Mathematical Games," 
by Martin Gardner; SCIENTIFIC AMER­
ICAN, January, 1977]. In 1974 Roger 
Penrose, a mathematical physicist at 
the University of Oxford, was experi­
menting with ways of tiling a plane 
aperiodically (that is, in such a way 
that the pattern of tiles cannot be bro­
ken down into a single unit cell such as 
a hexagon). Penrose found a tiling that 
requires tiles of only two shapes, both 
of which are rhombuses (parallelo­
grams all of whose sides are the same 
length). One rhombus has internal an­
gles of 36 and 144 degrees, the other 
has internal angles of 72 and 108 de­
grees; the rhombuses are fitted togeth­
er according to certain "matching 
rules." In an infinite Penrose tiling the 
ratio between the number of "fat" 
rhombuses and the number of "thin" 
rhombuses is exactly equal to the gold­
en mean (about 1.6 18). Because this 
ratio is an irrational number, it is im­
possible to break down the tiling into a 
single unit cell that contains an inte­
gral number of each kind of rhombus. 

Like shechtmanite, Penrose tilings 
are not crystalline in a conventional 
sense, but they have .many crystalline 
properties. For example, in a Penrose 
tiling it is possible to pick out many 
decagons, or regular lO-sided poly­
gons [see illustration on opposite page]. 
Like the hexagons that are the unit cell 
of the two-dimensional "billiard ball" 
crystal, all the decagons have precisely 
the same orientation. Like shechtman­
ite, the Penrose tiling has the long­
range orientational order that is usu-

ally associated with conventional crys­
tal lattices. 

In a subtler way Penrose tilings have 
a kind of translational order as well. 
One way to see this is to shade all the 
rhombuses that hav� sides parallel to a 
given direction. The shaded rhombus­
es form a series of jagged irregular 
lines each of which, on the average, ap­
proximates a straight line. All the lines 
are parallel and approximately evenly 
spaced. In an average, statistical sense, 
therefore, a Penrose tiling has long­
range translational order as well as ori­
entational order. 

Like q uasicrystals, Penrose tilings 
also have a kind of fivefold symmetry. 
In a Penrose tiling the shaded rhom­
buses fall into five families of parallel 
lines. The lines run in directions that 
might be parallel to the edges of a reg­
ular pentagon. They intersect at angles 
that are multiples of 72 degrees, or 
one-fifth of a full circle. It can be 
shown that the lines, like the lattice 
planes of an ordinary crystal, will scat­
ter beams of electrons or X-ray radia­
tion. Beams reflected from a Penrose 
pattern would have fivefold rotational 
symmetry no matter where in the pat­
tern they were aimed. The disorderly 
appearance of the lattice planes is sim­
ilar to that found in a conventional 
crystal at temperatures above abso­
lute zero, when the atoms are disor­
dered because of thermal vibrations. 
In Penrose tilings, of course, the dis­
order would be present even at a tem­
perature of absolute zero. 

The first work that suggested Pen­
rose tilings might be applicable to 

real materials was done by Alan L. 
MacKay of Birbeck College of the 
University of London in 198 1. In 1984 
Peter Kramer and Reinhardt Neri of 

LONG-RANGE ORDER in a Penrose tiling is similar to that in a conventional crystal, but 
there are subtle differences that allow the Penrose tiling to have a kind of fivefold symme­
try. The decagons found throughout the pattern (a, color) all have the same orientation, 
demonstrating the pattern's long-range orientational symmetry. The pattern also has a kind 
of long-range translational symmetry. When all the rhombuses that have sides parallel to a 

given direction are colored (b), they form a series of jagged lines that are roughly parallel 
and approximately evenly spaced, like the lattice planes of a conventional crystal. There are 
five families of lattice planes (b-f), which intersect at angles that are multiples of 72 de­
grees (one-fifth of a full circle). Any pattern formed by X rays or electrons reflected off 
these planes would have fivefold symmetry. A Penrose pattern is formed when the rhombus­
es pictured above are fitted together so that the arrows superposed on their edges match. 

the University of Tlibingen and Dov I. 
Levine and Paul J. Steinhardt of the 
University of Pennsylvania indepen­
dently developed a three-dimensional 
generalization of Penrose tilings that 
has turned out to be closely related to 
the structure of shechtmanite. 

Like their two-dimensional counter­
parts, three-dimensional Penrose til­
ings have long-range orientational and 
translational symmetry. In addition 
they have long-range icosahedral sym­
metry, in much the same way as two­
dimensional ,Penrose patterns have 
long-range fivefold symmetry. 

The basic units of the three-dimen­
sional tilings are two rhombohedrons 
(six-faced figures, each of whose faces 
is a rhombus; a rhombohedron looks 
somewhat like a squashed cube). The 
interior solid angles of the rhombohe­
dron are precisely equal to the angles 
formed by certain bonds in an icosahe­
dral cluster of atoms [see illustration on 
next page]. In an infinite three-dimen­
sional Penrose tiling the ratio of the 
number of one kind of rhombohe­
dron to the number of the other kind 
of rhombohedron is the golden mean, 
and so a three-dimensional Penrose til­
ing, like shechtmanite, cannot be de­
scribed in terms of a single unit cell. 
Calculations of how three-dimension­
al Penrose tilings would scatter ra­
diation have produced results remark­
ably similar to the experimental re­
sults achieved with actual samples of 
shechtmanite. 

Three-dimensional Penrose tilings 
provide an excellent starting point for 
understanding the atomic arrange­
ments in quasicrystals. To understand 
the structure of any given shechtman­
ite alloy in terms of three-dimensional 
Penrose tilings, one must devise a way 
of "decorating," or filling, the two 
rhombohedrons with atoms in such 
a way that an agglomeration of rhom­
bohedrons would contain the correct 
proportion of atoms of each element. 
To describe a conventional crystal, of 
course, one would need only to find a 
decoration of a single unit cell that 
could be repeated indefinitely. 

Penrose tilings, as they are realized 
in shechtmanite, represent a new 

notion of the idea of crystallinity. Be­
cause the two "unit cells" are arranged 
without strict periodicity, every unit 
cell sits in a slightly different environ­
ment. Consequently the forces due to 
distant atoms will vary from cell to 
cell, causing variations in the positions 
of the atoms in each cell. If the Pen­
rose rhombohedrons are to be a good 
description of a particular shechtman­
ite alloy, the variations must be small. 

In real materials the matching rules 
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ALUMINUM OR / ZINC ATOMS 

PENROSE RHOMBOHEDRONS (color) can fit together to form 
a three-dimensional structure (not shown) that resembles two-di­
mensional Penrose tilings. The interior angles of the rhombohe­
drons are deri ved from angles between bonds of an icosahedral 
structure. A three-dimensional Penrose tiling has icosahedral sym-
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MAGNESIUM 
ATOMS 

metry in the same ro�gh sense that a two-dimensional Penrose til­
ing has fivefold symmetry. Particular alloys are described in terms 
of Penrose tilings by "decorating" each rhombohedron in such a 
way that an assembled tiling includes the correct ratio of atoms of 
various types. A decoration for Mg32(AI,Zn).9 is shown at bottom. 
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that determine the placement of Pen­
rose rhombohedrons are probably not 
'strictly obeyed. It can be shown that 
small groups of Penrose cells can be 
rearranged locally in a way that vio­
lates the strict matching rules but still 
preserves the overall order of the ma­
terial. In two-dimensional Penrose til­
ings, for example, the tiles inside any 
of the decagons can be taken out, 
scrambled and put back in the decagon 
in a way that violates matching rules in 
some places. Nevertheless, the orienta­
tion of the decagon remains the same, 
and so the q uasicrystal still keeps its 
long-range orientational order. The 
scrambling operation does not inter­
rupt the lattice planes (they merely zig 
where they once zagged), and so it 
changes only small details in the way 
X rays or electrons would scatter from 
the tilings. 

Penrose tilings also provide a link 
between the crystalline order inherent 
in the Frank-Kasper phase of many al­
loys and the long-range icosahedral 
order of shechtmanite. For example, 
Christopher Henley of Cornell Uni­
versity and Veit Elser of AT&T Bell 
Laboratories have shown how the unit 
cell of the Frank-Kasper phase of 
Mg3iAI,Zn)49 can be seen as a slightly 
distorted fragment of a Penrose tiling. 

In the Frank-Kasper phase the peri­
odic repetition of this distorted frag­
ment throughout space destroys any 
inherent icosahedral symmetry. In 
shechtmanite, however, this fragmen­
tary region of icosahedral order prop­
agates throughout the material to 
form a macroscopic quasicrystal. 
Henley and Elser have also shown 
how to decorate Penrose rhombohe­
drons in a way that explains the struc­
ture of the shechtmanite phase of 
Mg32(AI,Zn)49. The icosahedral order 
in this phase of the alloy is long-range, 
in spite of the presence of a network of 
wedge disclination lines similar to 
those found in Frank-Kasper phases. 

Similar studies and proposals have 
been made to describe the aluminum­
manganese alloys originally discov­
ered by Shechtman and his colleagues. 
The proposed models include many 
tetrahedrons and fragments of icosa­
hedrons, although they also include 
some octahedrons. The models can ac­
count for the positions of about 80 
percent of the atoms in the material. 

Penrose tilings also suggest exotic 
crystallographies based on symmetries 
that are not icosahedral. For example, 
Leonid A. Bendersky of the National 
Bureau of Standards has shown that 
another phase of rapidly cooled alumi­
num-manganese behaves as if it were 
composed of layers of two-dimension­
al Penrose tilings that are stacked peri­
odically in the vertical direction. 

SHECHTMANITE "SNOWFLAKES" form when a molten alloy of aluminum and manga­

nese is cooled rapidly. The "crystals" have the branched pattern of dendrites, or lobes, 
normally found in ice crystals, but because of the underlying icosahedral symmetry of 
shechtmanite, these samples have fivefold symmetry rather than the sixfold symmetry of 
ordinary snowflakes. The samples measure about 10,000 atomic spacings across and are 
magnified about 10,000 times in this electron micrograph, which was made in the laborato­
ry of Leonid A. Bendersky and Robert J. Schaefer at the National Bureau of Standards. 

There are still many unanswered 
questions. What, for example, is 

the connection between short-range 
icosahedral order in liquids or metallic 
glasses and the long-range icosahedral 
order in shechtmanite? It seems to be 
much easier to form microscopic frag­
ments of shechtmanite crystals in an 
undercooled liquid than it is to form 
the first microscopic fragments of a 
conventional crystal. Once these small 
fragments form, they must grow to 
macroscopic dimensions. How shecht­
manite grows is still not known, al­
though it is clear that its growth proc­
esses must be quite different from 
those of conventional crystals. 

Another puzzle concerns the range 
over which the material's orientational 
order and translational order extend. 
Although the orientations of the icosa­
hedrons in shechtmanite are correlat­
ed over distances as large as thousands 

of atomic spacings, the corresponding 
lattice planes are in phase only over 
a few hundred spacings. We do not 
know whether the short correlation 
lengths of translational order are an 
intrinsic feature of the phase or an arti­
fact of the cooling process. It may 
soon be possible to grow large shecht­
manite crystals under more controlled 
conditions; such crystals should help 
to resolve the puzzle. 

Shechtmanite quasicrystals are no 
mere curiosity. The study of quasi­
crystals has tied together two exist­
ing branches of theory: the theory of 
metallic glasses and the mathematical 
theory of aperiodic tilings. In doing so 
it has brought new and powerful tools 
to bear on the study of metallic alloys. 
Questions about long- and short-range 
icosahedral order should occupy solid­
state physicists and materials scientists 
for some time to come. 
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Transplantation 
the Central Nervous System 

• 

ln 
Transplanted embryonic neurons can establish functional connections 

In the adult brain and spinal cord, long believed to be immutable 

In mammals. Such grafts might reverse damage from disease or injury 

Can damage done to the brain or 
the spinal cord by disease or 
injury be repaired? Neurons, or 

nerve cells, cannot regenerate in ad ult 
mammals. The great majority of them 
are in place by the end of infancy, and 
in primates, including human beings, 
the development of the nervous sys­
tem is complete by puberty. Axons, 
the threadlike extensions of nerve cells 
along which messages travel, can re­
grow after damage-a capacity under­
lying the slow return of feeling and 
movement after certain injuries-but 
they generally do so only in peripheral 
nerves. In the brain or spinal cord a 
damaged pathway rarely re-forms. 

Even though the mammalian cen­
tral nervous system (the brain and spi­
nal cord) shows little capacity on its 
own for regeneration, over the past 
decade it has been found capable of 
sustaining new growth of another 
kind. In a series of experiments done 
mal

,
nly in rats, other investigators and 

I have shown that grafts of embryon­
ic brain tissue can be anatomically 
and functionally incorporated into 
the adult central nervous system. The 
interactions of grafts and their host 
nervous system have revealed much 
about the factors governing develop­
ment and regeneration in the central 
nervous system. The sucCess of certain 
transplantation experiments has also 
suggested ways to treat currently in­
curable disorders, such as Parkin­
son's disease and Alzheimer's disease, 
in which parts of the central nervous 
system degenerate. 

The work of the past decade was 
foreshadowed by a number of earlier 
efforts. In 1890 W. Gilman Thompson 
of New York University Medical Col­
lege tried to transplant pieces of ce­
rebral cortex (the outer layer of the 
brain) from adult cats to dogs. No neu­
rons survived these procedures or sim-
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ilar manipulations by other workers 
over the next 15 years. Elizabeth Hop­
kins Dunn, a physician working as a 
research assistant at the University of 
Chicago, guessed that although adult 
brain tissue did not stand up to the 
rigors of transplantation, immature 
tissue might. In work done in 1903 
(but not reported until 19 17) she ex­
changed fragments of cortex between 
10-day-old rats. In 10 percent of the 
cases she found surviving neurons in 
the grafts three months after surgery. 

In addition to establishing the fact 
that immature neural tissue has a bet­
ter chance of surviving in another 
brain than adult tissue has, Dunn no­
ticed that the surviving grafts in most 
cases were those that were richly sup­
plied with new blood vessels. Such 
transplants had been placed in the ven­
tricles, or fluid-filled spaces, of the 
host brain, in contact with choroid 
plexus, the highly vascular membrane 
that lines the ventricles. In 1940 W. E. 
Le Gros Clark of the University of Ox­
ford confirmed the importance of im­
maturity and a rich blood supply for 
the survival of transplanted neurons. 
He successfully transferred pieces of 
cortex from rabbit embryos to the lat­
eral ventricles in six-week-old rabbits. 
Although the neurons were immature 
when they were grafted, four weeks 
later he found that many of them had 
completed their development. 

Many investigators were skeptical 
about these early results, and the 

work was not pursued. Current inter­
est in transplantation in the mammali­
an central nervous system dates from 
197 1, when Gopal D. Das, Joseph Alt­
man and their students at Purdue Uni­
versity demonstrated beyond doubt 
that transplanted immature neurons 
can survive and mature. These work­
ers injected radioactively labeled thy-

midine, one of the building blocks of 
DNA, into seven-day-old rats, where 
the compound was incorporated into 
the genetic material of newborn cells, 
including neurons. Das and Altman 
then transplanted fragments of the cer­
ebellum (a convoluted structure at the 
back of the brain) from the injected 
animals to the matching site in un­
treated animals. Two weeks later they 
took sections of the host cerebellum 
and coated them with photographic 
emulsion. Radioactivity in the sections 
exposed the emulsion, indicating that 
transplanted neurons had survived. 

In later experiments Das and Alt­
man established the general principle 
that embryonic brain tissue transplant­
ed during the period when neurons 
multiply and migrate, before they ex­
tend their filamentous axons and den­
drites, has the best chance of survival. 
Because different parts of the brain de­
velop at different rates, the optimum 
age of the donor animal varies accord­
ing to the kind of graft that is intended. 
The age of the host animal has far less 
bearing on the survival of transplanted 
tissue than do factors such as the phys­
ical stability of the implant and the 
blood supply available to the graft. 

A condition that is now known to 
have less effect on transplant survival 
than had been expected is the degree 
of kinship between the donor and the 
host animal. In other kinds of graft 
immunologic rejection swiftly en­
sues if the donor and the host are not 
closely related. Accordingly most of 
the early transplantation experiments 
were done in closely related or genet­
ically identical animals. It was later 
learned that immunologic rejection of 
a graft in the central nervous system 
may not occur even when the donor 
and the host animal are genetically 
different. Indeed, transplants to the 
central nervous system can succeed 
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between animals of different species, 
particularly when the host animal has 

. been treated with an immunosuppres­
sive drug such as cyclosporin. 

The observation that the brain is an 
"immunologically privileged" site for 
transplantation did not originate with 
grafts of neurons. Earlier work had 
shown that grafted skin and tumor tis­
sue could survive in the brain even in 
an animal that promptly rejected sim­
ilar grafts to its skin. It is thought 
that because the brain lacks lymphatic 
vessels and lymph nodes, from which 
many of the cells of the immune sys­
tem are deployed, and because the 
walls of blood vessels in the central 
nervous system are specialized to cre­
ate a "blood-brain barrier," the access 
of the immune system to foreign tissue 
in the brain is limited. 

In the case of neuronal transplants 
the lack of rejection may also reflect 
the characteristics of nerve cells prop­
er. On their surface most cells bear 
large molecules known as class I major 
histocompatibility antigens. The anti­
gens are distinctive in each animal; 
they are the molecules the immune 
system recognizes as foreign when it 
rejects grafted tissue. It is now known 
that those antigens are normally rare 
or absent on most neurons. 

The routine survival of transplant­
ed neural tissue opens the way to 

study of its interaction with the host. 
One line of inquiry to which the tech­
nique has been applied is the identi­
fication of factors governing the re­
sponse of the central nervous system 
to injury. Transplants can serve to al­
ter conditions in a traumatized brain 
or spinal cord, making it possible to 
gauge the relation of a given factor to 
the limited regenerative capacity of 
central neurons. 

It was known, for example, that the 

YELLOW FLUORESCENCE marks nerve 
cells transplanted into a rat brain. Nerve fi­

bers containing the neurotransmitter dopa­

mine had previously been eliminated from 
the neostriatum, the brain structure that is 

pictured, in order to induce an experimen­
tal analogue of Parkinson' s disease in the 

animal. Neurons that synthesize dopamine 
were then taken from a rat embryo and in­
jected as disaggregated cells into the neo­

striatum. Six months later a cross section 
of the host brain was made along the plane 
indicated in the diagram at the right. The 

section was treated with formaldehyde va­

por, which combines with dopamine to form 
a fluorescent compound. The fluorescence 

at and around the implant shows the trans­

planted neurons had survived, had sent fi­
bers into the neostriatum and had continued 
to make dopamine. The image is from An­

ders Bjorklund of the University of Lund. 

OLFACTORY 
BULB 
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difference between the regenerative 
capacity of axons in peripheral nerves 
and that of axons in the central ner­
vous system is correlated with a differ­
ence in their glial cells. Those cells sur­
round the axons and can myelinate 
them, that is, encase the fibers in a 
sheath of fatty, electrically insulating 
material. Peripheral nerves are myeli­
nated by Schwann cells; the myelinat­
ing cells in the brain and spinal cord 
are oligodendrocytes. 

Studies of sensory neurons, which 
have both a central and a peripheral fi­
ber, suggest glial cells influence regen­
eration. From a site just outside the 
spinal cord a sensory nerve cell ex­
tends one fiber to a sensory structure 
in the periphery of the body and an­
other into the spinal cord. The periph­
eral fiber, which is myelinated only 
by Schwann cells, ordinarily regener­
ates after damage. The great Spanish 
neuroanatomist Santiago Ram6n y 
Cajal noticed 60 years ago that if the 

central fiber is crushed, it will regrow 
only to the point where it enters the 
spinal cord and oligodendrocytes re­
place Schwann cells. 

A number of workers have suggest­
ed that either oligodendrocytes secrete 
a substance inhibiting axon growth or 
Schwann cells somehow stimulate ax­
ons to grow. Several ways in which 
Schwann cells might promote fiber 
growth have already been identified. 
They secrete proteins such as laminin 
that have been found in culture to pro­
mote the growth of axons and their 
adhesion to a surface. In response to 
peripheral-nerve injury Schwann cells 
may also produce nerve growth factor, 
a well-studied substance that fosters 
survival and fiber growth in certain pe­
ripheral nerve cells. 

In 1977 Carl C. Kao and his col­
laborators at Georgetown University 
tested the possibility that peripheral 
glia might support the regeneration of 
damaged fibers in the central nervous 

EMBRYONIC RAT BRAIN (top), seen from below, is the usual source of neurons for 
transplantation to adult rats. The four-millimeter-wide brain is from a 17-day embryo (rat 

pups are born at about 22 days). At that stage of development the neurons are still multiply­

ing and migrating through the brain. In many areas they have not yet grown axons and 
dendrites, the processes through which they will communicate with other cells and tissues. 
When they are transplanted to an adult brain, such neurons can mature and send axons into 

host tissue. The inner piece of tissue dissected from a slice of embryonic brain ((eft) con­
tains cells that are the precursors of a structure known as the nucleus basalis. Such cells, 

implanted into an adult rat brain, can reverse a defect that simulates a feature of Alzhei­
mer's disease. The diagram (right) shows the orientation of the slice in the intact brain. 
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system. They used delicate surgical 
techniq ues to splice lengths of sciatic 
nerve (a major peripheral nerve) into 
gaps made by removing a section of 
the spinal cord in rats. Within weeks, 
the workers found, the graft and the 
cord healed to form a smooth, scar­
free union, and some fibers seemed to 
have grown from the spinal cord into 
the peripheral-nerve segment. 

AlbertJ. Aguayo, Peter M. Richard­
son and their colleagues at the Mon­
treal General Hospital and McGill 
University have confirmed and ex­
tended those findings. A month after 
replacing lengths of spinal cord with 
segments of sciatic nerve from the 
same rats, they examined the cords un­
der both the light and the electron mi­
croscope and noted many fibers grow­
ing into the grafts. After three months, 
by injecting minute quantities of the 
enzyme horseradish peroxidase into 
the spinal cord adjacent to the graft, 
the workers were able to demonstrate 
that some of the regenerating fibers 
had succeeded in growing all the way 
through the graft, bridging the severed 
ends of the cord. 

Horseradish peroxidase is taken up 
by nerve terminals and carried back 
along the axons to the cell bodies; in­
cubation in a solution that is chemical­
ly altered by the enzyme stains cell 
bodies whose axons have transported 
it. In the grafted rats staining appeared 
in spinal neurons on the other side of 
the graft from the injection site; their 
fibers must have grown through the 
segment of peripheral nerve. In lat­
er work Aguayo and his colleagues 
found that although the regenerating 
fibers can span grafts several centime­
ters long, they continue into the spinal 
cord beyond the graft for only a few 
millimeters at most. 

Transplantation experiments thus 
can shed light on the differing re­

generative capacities of the peripheral 
and central nervous systems. A similar 
contrast in the ability to regenerate 
and reestablish connections is evident 
between the embryonic brain, which 
undergoes extensive changes as it de­
velops and often can recover from in­
jury, and the adult brain. By trans­
planting pieces of embryonic rat brain 
to injured adult brains Anders Bjork­
lund and Ulf Stenevi of the University 
of Lund and Lawrence F. Kromer, 
then at the University of California at 
San Diego Medical Center, identified 
one possible basis of the difference. 

Before doing the transplants the in­
vestigators severed a band of nerve fi­
bers known as the fimbria at its en­
trance to the hippocampus, a folded 
and curved sheet of evolutionarily an­
cient cortex that in human beings plays 
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a role in memory and emotion. The 
fimbria includes fibers arising in two 
'structures of the forebrain, the medial 
septal nucleus and the diagonal band 
nucleus. The fibers contain the neuro­
transmitter acetylcholine, one of the 
brain's chemical messengers. Cutting 
the fimbria eliminates acetylcholine 
and its synthesizing enzyme, choline 
acetyl transferase, permanently from 
most of the upper hippocampus. 

When the workers transplanted a 
piece of embryonic rat hippocampus 
into the gap in the fimbria, the cholin­
ergic (acetylcholine-releasing) fibers 
grew through the graft and into the 
host hippocampus. Six months later 
choline acetyltransferase in the hippo­
campus adjacent to the graft was re­
stored to as much as 50 percent of its 
normal level. Similar experiments us­
ing other parts of the embryonic brain 
have indicated that embryonic tissue 
can act as a bridge for the growth of 
axons in the central nervous system, 
provided the grafted tissue is the nor­
mal target of the axons. The results 
suggest embryonic brain structures 
may produce specific neurotrophic 
factors (substances that stimulate the 
growth of nerve cells and fibers) that 
guide developing fibers to their tar­
gets. Alternatively, grafted embryonic 
tissue may somehow induce the host 
brain to produce such factors. 

That the adult brain can secrete neu­
rotrophic factors under certain condi­
tions is borne out by observations 
made by Ellen R. Lewis and Carl W. 
Cotman at the University of Califor­
nia at Irvine in 1982. They noted that 
embryonic brain tissue transplanted to 
cavities made in the brain of adult rats 
survived better in cavities formed be­
tween three and six days before the im­
plant than in cavities made earlier 
or more recently. During that interval, 
the investigators surmised, some neu­
rotrophic factor made or accumulated 
by the central nervous system follow­
ing an injury must reach its greatest 
concentration. 

Together with Manuel Nieto-Sam­
pedro and other colleagues, the Irvine 
workers demonstrated the presence of 
such a factor by collecting fluid from 
the cavities and adding it to neurons in 
culture. The fluid extended the surviv­
al of the neurons, and the effect was 
greatest when the cavity was between 
three and six days old. Such a factor 
might act as an analogue of nerve 
growth factor and stimulate the limit­
ed fiber growth seen after certain inju­
ries to the central nervous system. 

I n addition to pointing to influen­
ces on the overall extent of fiber 

growth, the fate of neural transplants 
hints at factors that control the estab-

lishment of specific patterns of con­
nections in the brain. In contrast to the 
normal inability of adult neurons to 
grow new fibers or regenerate injured 
ones, grafted embryonic neurons are 
able to extend fibers into the host brain 
routinely. This growth is not indis­
criminate. The normal anatomical re­
lation of the grafted and the host tissue 
and the existing innervation of the host 
structures both influence the extent 
and pattern of fiber growth. 

Fibers extending from grafted tissue 
are most likely to grow into the struc­
tures normally innervated by that tis­
sue. Bjorklund, Stenevi and their co­
workers transplanted embryonic neu­
rons to the cortex of ad ult rats and also 

EMBRYONIC 
BRAIN 
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ENZYMATIC 
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to the neostriatum, a region that lies 
under the cortex in the forebrain and 
is related to movement. The neurons 
were taken from the substantia nigra, 
a midbrain structure that sends many 
fibers containing the neurotransmitter 
dopamine to the neostriatum but very 
few to the cortex. The cells survived in 
both places but sent out appreciable 
numbers of fibers only in the neostria­
tum, normally their principal target. 

Raymond D. Lund, then at the Med­
ical University of South Carolina, and 
his students C. B. Jaeger and Steven C.' 
and Linda Kirschen McLoon made de­
tailed observations about the specific­
ity with which grafts interact with host 
brains. They transplanted embryonic 

GRAFT 

POSITIONING 
DEVICE 

MODE OF TRANSPLANTATION varies according to the aim of the research. Solid 
tissue dissected from the appropriate part of embryonic rat brain can be implanted directly 

into the host brain (a). Alternatively, a cavity can be pr�pared in advance (b); blood vessels 
grow into the walls of the cavity and ensure a rich blood supply to the graft. Those ap­

proaches, in which embryonic tissue is implanted with its internal organization intact, make 
it possible to study the growth of fibers from the host brain into the graft. A third approach 
(e) is less disruptive of the host brain. Embryonic tissue is digested by an enzyme and then 
passed through a series of progressively finer pipettes to disrupt it, A suspension of single 
cells results; the cells can be labeled with a radioactive substance or a dye, stored or manip­
ulated in other ways before being injected accurately into any site in the host rat brain. 
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retinas to the brains of newborn and 
adult rats. In some cases the graft site 
was the superior colliculus, one of the 
regions in the brain to which retinal 
neurons normally send fibers; in oth­
ers it was the cortex or the cerebellum, 
areas that receive no retinal inputs. Al­
though the retinas survived in every 
site, fiber outgrowth ensued only in the 
superior colliculus. The outgrowing fi­
bers attained the normal targets of ret­
inal fibers in the colliculus and some­
times also followed the normal retinal 
pathways to more distant targets. 

In addition to sending out fibers, tis­
sue transplanted to the brains of new­
born rats in some cases also received 
inputs from the host brain; again the 
interaction was highly specific. Grafts 
of retina, which ordinarily is not inner­
vated by other brain structures, re­
ceived no fiber growth from the host 
brain. Pieces of embryonic collicu­
Ius placed in the superior colliculus 
of newborn rats, however, not only 
grew fibers themselves but also be­
came threaded with appropriate inputs 
from the host retina and cortex. Such 
results hint at the existence of specific 
local cues governing fiber growth in 
the central nervous system. 

The finding that grafts send the larg­
est number of fibers into areas of host 

MEDULLA 

brain that have been deprived of their 
normal innervation gives further evi­
dence for specific local influences on 
fiber growth. In the work of Lund and 
his colleagues, for example, the retinal 
grafts generated the most profuse fiber 
growth when the eye normally sending 
fibers to the site of the implant had 
been surgically removed beforehand. 
Bjorklund, Stenevi and their co-work­
ers made a similar observation when 
they transplanted embryonic tissue 
containing the locus ceruleus, a collec­
tion of cells in the brainstem that send 
fibers containing the neurotransmitter 
noradrenaline to targets throughout 
the brain, including the hippocam­
pus. When the tissue was implanted in 
the hippocampus of adult brains, it 
extended fibers that recapitulated the 
pattern of innervation normally estab­
lished there by the host brain's own lo­
cus ceruleus-but only if the pathways 
from the locus ceruleus had been de­
stroyed before the transplant. 

Work not involving transplants has 
shown that damage to a set of fibers in 
the central nervous system can result 
in "collateral axon sprouting": other, 
healthy fibers extend new branches 
into the denervated area. The much 
more luxuriant fiber outgrowth from 
grafts into denervated brain structures 
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BRIDGE OF PERIPHERAL NERVE was grafted into rat central nervous system by Al­
bert J. Aguayo and Samuel David of McGill University to study the nerve's effect on axon 
growth. The workers inserted one end of a segment of sciatic nerve (a major nerve in the 

leg) into the medulla (part of the brain stem) and the other end into the spinal cord. After 

the graft had been in place for six months they severed it, applied a stain to the cut surfaces 
and then examined cross sections of the medulla and spinal cord made at each end of the 

graft. Sections from both sites contained stained cell bodies; the sections also revealed 
stained fibers coursing from the nerve segment into the adjacent host tissue. Evidently 
neurons in both the medulla and the spinal cord had sent fibers all the way through the 
sciatic-nerve graft; the fibers carried the stain in both directions to their terminals and cell 

bodies. It is thought the glia, or supporting cells, of peripheral nerves foster axon growth. 
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seems to present an analogous case. 
Taken together, such observations 
suggest that the growth of nerve fi­
bers from structures in the develop­
ing brain as well as from grafts may 
be regulated by competition either 
for some scarce diffusible material re­
leased by target neurons or for occu­
pancy of particular sites on the target. 

Studies of fiber growth confirm that 
grafted embryonic tissue can be in­

corporated anatomically into the host 
central nervous system. Is the integra­
tion functional as well? If it is, could 
grafts restore normal function to a 
brain impaired by injury or disease? 

Several features of the central nerc 
vous system might work in favor of re­
covery mediated by grafts. For one 
thing, recovery of function in the cen­
tral nervous system may not require 
the precise reconstruction of damaged 
elements. Many important and com­
plex functions in the brain and spinal 
cord are performed semiautonomous­
ly by discrete structures or assemblies 
of neurons. To restore a measure of 
function after an injury that isolates 
such a structure, it may be sufficient to 
replace only a few of its inputs. 

Over the past 1 5  years, for example, 
workers have established that the basic 
elements of locomotion, such as the 
rhythmic spinal undulations in fishes 
and the sequential contractions of the 
limb muscles that underlie stepping 
motion in mammals, are generated by 
groups of neurons in the spinal cord. 
These "locomotion generators" are 
subject to several stages of control: 
they are inhibited by other spinal neu­
rons, which in turn are inhibited by fi­
bers that descend from the brainstem 
and are thought to release catechol­
amine neurotransmitters such as nor­
adrenaline and dopamine. Cutting the 
connection between the brain stem and 
the spinal cord in a cat gives free rein 
to the inhibitory spinal neurons and 
hence paralyzes the animal, but if the 
cat is injected with L-dopa, a precursor 
of dopamine, and is supported on a 
treadmill, it will walk. These observa­
tions have suggested that paralysis 
caused by spinal-cord injury might re­
spond to grafts of embryonic catechol­
amine neurons into the spinal cord 
near the locomotion generators, even 
if the spinal pathways are not repaired. 

The spinal cord includes not only 
long pathways consisting of a single 
continuous fiber but also pathways 
made up of multiple short links, in 
which messages are relayed by a series 
of neurons. It is therefore conceivable 
that in a severed spinal cord these mul­
tiple-relay pathways, at least, could be 
mended with transplants of embryonic 
neurons, which would transmit infor-
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mation across the gap in the pathways. 
Neurochemical factors as well as 

'neuroanatomical ones brighten the 
prospect for graft-mediated recovery 
of function. The chemistry of the brain 
changes after it is damaged. These ef­
fects have been studied in detail in an 
experimental analogue of Parkinson's 
disease. The disease is the result of 
the degeneration of the dopamine­
releasing fibers that extend from the 
substantia nigra to the neostriatum. 
The degeneration can be induced in 
the rat brain by injecting either of the 
two structures or the bundle of fibers 
with the substance 6-hydroxydopa­
mine, which selectively destroys neu­
rons, fibers and terminals containing 
catecholamines such as dopamine. 

When the dopamine pathway is de­
stroyed on both sides of the brain, the 
animal becomes immobile and may 
die unless it is nursed intensively. A rat 
injected on only one side no longer re­
sponds to sensations on the opposite 
side of the body, which is controlled 
by the damaged half of the brain. It de­
velops an asymmetric posture, twist­
ing away from the unresponsive side. 
When the animal moves, it turns to­
ward its "good" side-the one that re­
ceived the injection. 

If the lesions (the damaged areas) 
spare more than 5 percent of the do­
pamine-containing cells or fibers, the 
animal can recover. Much of the re­
covery takes place within one or two 
weeks, far too soon to be the result of 
regeneration of the damaged fibers or 
collateral sprouting of other dopamin­
ergic neurons. Experiments done in a 
number of laboratories, notably that 
of John F. Marshall of the University 
of California at Irvine, have identified 
two kinds of neurochemical changes 
that take place in the nervous system 
following injury or damage and may 
account for the rapid recovery. 

One change is an increase in the rate 
at which surviving fiber terminals syn­
thesize and release neurotransmitter. 
The other is an increase in the sensitiv­
ity of the target neurons to the small 
amounts of transmitter still being se­
creted. Such "denervation supersensi­
tivity," which usually results from an 
increase in the number of receptors for 
the neurotransmitter on the surface of 
the target cell, would increase the effi­
cacy of the surviving dopaminergic fi­
bers in the lesioned rats. 

Denervation supersensitivity proba­
bly accounts for some of the re­

markable ability of embryonic neuro­
nal transplants to reverse behavioral 
abnormalities in animal models of de­
generative neurological diseases. The 
6-hydroxydopamine model of Par­
kinson's disease provided the earliest 

example. Mark J. Perlow, William J. 
Freed and Richard Jed Wyatt of the 
National Institute of Mental Health, 
working with Lars Olson and Ake 
Seiger of the Karolinska Institute and 
Barry Hoffer of the University of Col­
orado Health Sciences Center at Den­
ver, destroyed the substantia nigra on 
one side of the brain in rats. They then 
transplanted fragments of embryonic 
brain containing the precursor cells 
of the substantia nigra to the lateral 
ventricle adjacent to the denervated 
neostriatum. 

The movement asymmetries that 
had resulted from the lesions were re­
duced after the grafts. Injections of the 
drug apomorphine confirmed that the 
transplanted neurons were releasing 
dopamine. Apomorphine binds to do­
pamine receptors and activates them. 
Its effect yields a measure of denerva­
tion supersensitivity: neurons that lack 
their usual input of dopamine will be 
unusually sensitive to apomorphine. 
Thus injecting it into the neostriatum 
of a lesioned rat causes the rat to re­
verse its turning and twist away froIl). 
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REESTABLISHMENT OF NORMAL INNERVATION after transplantation of embry­

onic tissue into denervated rat hippocampus is evident in cross sections treated to distin­

guish fibers containing particular kinds of neurotransmitters. The diagram (top) indicates 
the orientation of the sections and the sites of the experimental manipulations. The upper 

series of sections were exposed to a substance that reveals the distribution of acetylcholine 
before (left) and after (middle) the bundle of cholinergic (acetylcholine-containing) fibers 
entering the hippocampus was cut (lesion a). Four months after cholinergic neurons from an 

embryo were implanted in a denervated hippocampus, a third section (right) reveals that the 

grafted cells had extended fibers recapitulating the normal pattern of cholinergic innerva­
tion. The lower series of sections show the normal pattern of noradrenaline-containing fi­
bers (left) and their elimination (middle) after the injection into the adjacent ventricle of a 

toxin that specifically destroys such fibers (lesion b). Six months after the implantation of 

embryonic tissue containing noradrenaline the original pattern of innervation was largely 
reestablished (right). Bjorklund and Ulf Stenevi of the University of Lund did the work. 
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the lesion: the neostriatum on the dam­
aged side in effect overreacts to the 
drug. Because some dopamine input to 
the neostriatum had been restored by 
the grafts, the grafted rats' response to 
apomorphine was only half as great as 
the response of lesioned rats that had 
not received the grafts, and the red uc­
tion lasted for the length of the experi­
ment: more than six months. 

Freed and Wyatt have found that 
implants of cells from the adrenal 
gland, a hormone-secreting structure 
above the kidney, can also reverse 
some of the effects of 6-hydroxydopa­
mine injection. The cells, taken from 
the medulla, or central part, of the 

gland, normally produce adrenaline, 
a hormone derived from dopamine. 
When medullary cells are removed 
from the gland, they may secrete 
dopamine instead. Like the neuronal 
transplants, the cells were placed in the 
lateral ventricle, and they reduced the 
rats' movement asymmetry but not 
their sensory abnormalities. Grafts of 
tissue from embryonic substantia ni­
gra into sites within or very near the 
neostriatum, done by Bjorklund and 
Stenevi, in collaboration with Susan 
D. Iversen and Stephen B. Dunnett of 
the University of Cambridge, reduced 
or abolished the rats' movement dis­
order and also eliminated the ani-

> 

EXPERIMENTAL PARKINSON' S DISEASE induced in a rat can be reversed by trans­

plants of dopamine-producing neurons. An injection of the toxin 6-hydroxydopamine de­
stroys the substantia nigra, which sends dopamine-containing fibers to the neostriatum. 

Bilateral injections severely debilitate the animal, but if it is injected on one side only, the 
rat develops an asymmetry of posture and movement: it turns spontaneously toward the 
injected side. William J. Freed, Richard Jed Wyatt and their collaborators at the National 
Institute of Mental Health, and independently Bjorklund, Stene vi and their co-workers, 
have found that transplantation of dopamine-producing neurons taken from rat embryos to 
the denervated neostriatum eliminates the movement asymmetry for at least six months. 
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mals' sensory asymmetry altogether. 
Experimental models of Alzhei­

mer's disease offer another striking ex­
ample of transplant-mediated recov­
ery. The progressive loss of memory 
and other higher mental functions in 
Alzheimer's disease is associated with 
widespread degeneration of neurons 
and neurochemical abnormalities, no­
tably a depletion of acetylcholine in 
the hippocampus and much of the cor­
tex. Depriving the rat hippocampus of 
its main acetylcholine input by cutting 
the fimbria has been found in many 
laboratories to impair certain kinds of 
learning, in particular the spatial kind 
that is needed to learn a maze. 

Bjorklund and his co-workers, in­
cluding Fred H. Gage, transplanted 
solid pieces of tissue from the fore­
brain structures that normally supply 
the hippocampus with acetylcholine 
into the cut fimbria of rats; in other 
rats the workers introduced the tis­
sue directly into the denervated hippo­
campus in the form of disaggregated 
cells. The grafts improved the animals' 
ability to learn a maze-an effect that 
was most pronounced when the ani­
mals were also injected with physostig­
mine, a drug that blocks the degrada­
tion of acetylcholine and thereby en­
hances its effects. 

The cerebral cortex, which is also 
affected in Alzheimer's disease, gets its 
input of acetylcholine from the nucle­
us basalis of Meynert, a cluster of cells 
at the base of the forebrain. Those 
cells degenerate in Alzheimer's dis­
ease. To simulate this feature of the 
disease my colleagues, including Dun­
nett and Guy Toniolo of the Universi­
ty of Strasbourg, and I injected the re­
gion of the nucleus basalis on one side 
of the rat brain with the toxin ibotenic 
acid. The toxin, which destroys neu­
rons but spares nerve fibers passing 
through the injected area, permanently 
eliminates almost all the acetylcholine 
input from the nucleus basalis to the 
cortex on the injected side. Certain 
sensory and movement asymmetries 
result from the injection, along with 
serious impairment of the rat's ability 
to learn and remember simple tasks, 
such as avoiding the dark chamber in a 
two-chamber maze or finding a sub­
merged platform in a pool of water. 

Because the neurons of the nucleus 
basalis are interspersed among vari­
ous other brain structures, the iboten­
ic acid inevitably destroys a range of 
cells that send fibers to parts of the 
brain other than the cortex. Conse­
quently it is unclear whether the be­
havioral abnormalities of injected rats 
stem only from the destruction of the 
cholinergic pathways from the nucle­
us basalis to the cortex or also reflect 
damage to other pathways. The ability 
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of transplants of embryonic nucleus 
basalis to reverse the abnormalities, 

. we thought, would resolve that ques­
tion and thereby clarify the role of the 
nucleus basalis in normal functioning. 

We found that grafts of cells taken 
from the precursor region of the nucle­
us basalis in rat embryos and implant­
ed directly into the denervated cortex 
of the toxin-injected rats restored their 
spatial memory to normal, although 
the grafted rats still learned their tasks 
more slowly than normal rats did. 
The grafts also corrected some of the 
movement asymmetries but did not 
reverse the sensory deficits. Control 
transplants of cells from embryonic 
hippocampus, which lack acetylcho­
line, were entirely without effect. 

As well as suggesting that trans­
plants may be able to reverse Alzhei­
mer's-like deficits, the outcome also 
confirms that the cholinergic path­
ways from the nucleus basalis to the 
cortex play a role in the spatial memo­
ry that was impaired in lesioned rats. 
Transplantation could be applied in 
much the same way to the analysis of 
functional neuroanatomy throughout 
the central nervous system. Where it is 
difficult to remove only part of a wide­
ly projecting pathway or a complex 
structure in order to investigate func­
tion in detail, it may be possible to 
achieve the same end by destroying the 
entire structure or pathway and then 
reconstructing with grafted tissue the 
part that is of interest. 

Denervation supersensitivity by it­
self is not enough to account for 

the substantial behavioral effects of 
neuronal grafts. In the normal brain 
many nerve cells relay precisely pat­
terned messages in response to ap­
propriate inputs from other neurons. 
Grafted neurons often are transplant­
ed not to their normal site but to a dis­
tant target, and it is not known whether 
they establish a normal pattern of syn­
apses: the zones of communication 
with target neurons at which most neu­
rons release neurotransmitter. If trans­
planted neurons do not communicate 
specifically with host neurons, how 
might transplants restore any impaired 
behavior at all? 

Their efficacy suggests that dopa­
mine, acetylcholine and presumably 
other neurotransmitters often act not 
to relay critically patterned messages 
but to modulate the general level or 
nature of target cells' activity or their 
response to other inputs. Given those 
conditions a neurotransmitter might 
be effective even if its release is largely 
unregulated and it reaches its target by 
gradual diffusion. 

In contrast to neurotransmitters, the 
hormones that are secreted by certain 
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FEATURE OF ALZHEIMER'S DISEASE, a loss of acetylcholine from the hippocampus, 
can be simulated in the rat by cutting the cholinergic fibers leading from the medial septal 

area to the hippocampus. Whereas normal rats can be trained with rewards of food to en­
ter opposite arms of a T-maze in strict alternation, the rats with cut fibers do not learn 
to alternate. Instead they reenter the same side of the maze several times in a row. Bjork­

lund and his colleagues found that when embryonic neurons taken from the medial septal 
area are injected into the hippocampus of such rats, they can again learn to alternate sides. 

structures in the brain normally travel 
considerable distances to their targets, 
and their release may be regulated not 
by signals from adjacent cells but by 
diffusible factors carried in the blood 
or released by other brain structures. 
Neuroendocrine diseases, the result of 
deficiencies in particular brain hor­
mones, are therefore promising candi­
dates for treatment with neural grafts. 
The first such disease in which the 
technique has been tried in the labora­
tory is diabetes insipidus. It is charac­
terized by excessive thirst and urina­
tion. The symptoms reflect a lack of 
vasopressin, a hormone that regulates 
fluid balance and blood pressure by di­
recting the kidney to concentrate urine 
and causing the peripheral blood ves­
sels to constrict. 

The hormone, which also seems to 
exert behavioral effects in the brain, is 
made by neurons in the front of the hy­
pothalamus, a brain structure that reg­
ulates many physiological functions. 
The neurons send axons into the poste­
rior part of the pituitary gland, where 
the vasopressin is released. Diabetes 
insipidus in humans almost always re­
sults from tumors or trauma affecting 
the pituitary, but a strain of laboratory 
rats displays an inherited form of the 
disease. They are born without the va­
sopressin-producing neurons. 

Don M. Gash and John R. Sladek, 
Jr. , of the University of Rochester 

School of Medicine and Dentistry 
transplanted fragments of embryonic 
hypothalamus to a brain ventricle in 
affected rats. In about 25 percent of 
the cases the workers observed a sus­
tained improvement in fluid balance: 
water intake declined and urine be­
came concentrated. Six months after 
the transplantation the workers found 
many vasopressin-containing neurons 
surviving within the grafts. 

The neuroendocrine disease known 
as hypo gonadotrophic hypogonadism 
or Kallmann's syndrome also has a 
laboratory model. The disease, an in­
herited condition associated with the 
X sex chromosome, prevents sexual 
maturation in boys. The missing hor­
mone is gonadotropin-releasing hor­
mone (GnRH). Made in the hypothal­
amus, GnRH causes the pituitary to 
secrete other hormones, which in turn 
bring about the maturation of the tes­
tes and the prod uction of testosterone, 
the male sex hormone. 

The same condition occurs in cer­
tain mutant mice. The late Dorothy 
T. Krieger, working with Perlow and 
Marie J. Gibson of the Mount Sinai 
School of Medicine in New York, 
Harry M. Charlton of the University 
of Oxford and other investigators, 
treated hypogonadal mice by trans­
planting GnRH-containing neurons 
from embryos to a cerebral ventricle, 
close to the cells' normal position in 
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the hypothalamus. Within two months 
the recipients' testes had partially ma­
tured and were making normal sperm. 
A later examination of the mouse 
brains showed a luxuriant growth of 
fibers extending from the transplanted 
neurons toward their normal targets: 
specialized capillaries that transport 
GnRH to the pituitary gland. 

The root of a hormonal deficiency 
need not lie within the brain for an 

intracerebral transplant to have poten­
tial value. Efforts to treat endocrine 
disorders such as diabetes mellitus by 
transplanting hormone-secreting tis­
sue to other sites in experimental ani­
mals or human patients fail unless the 
subjects are given strong immunosup­
pressive drug treatment to prevent 
graft rejection. Implanted in the im­
munologically privileged confines of 
the brain, however, such tissue might 
survive and function. The circulating 
chemical stimuli that trigger hormone 
secretion are present in the cerebrospi­
nal fluid that fills the brain ventricles, 
and secreted hormones could return to 
the circulatory system by way of the 
special cellular membranes that trans­
port minute droplets of cerebrospinal 
fluid to the blood. 

WATER MAZE 

PATTERN 
PRIOR SITE OF 
PLATFORM 

The idea was tested more than 40 
years ago by Charles M. Pomerat and 
his co-workers at the University of Al­
abama. They transplanted tissue from 
the adrenal gland of newborn rats to 
the brain of adult rats whose adrenals 
had been removed. The grafted tissue 
survived and matured, and for more 
than eight months it corrected the hor­
monal deficiencies brought on by the 
glands' removal. 

Recently I and, independently, Wah 
Jun Tze and Joseph Tai of the Uni­
versity of British Columbia reversed 
chemically induced diabetes mellitus 
in rats by transplanting insulin-secret­
ing cells from the pancreas of other 
rats to the brain of the diabetic ani­
mals. Tze and Tai have shown that 
such transplants are also effective in 
the spontaneously occurring diabetes, 
found in a particular rat strain, that 
is considered the closest animal ana­
logue of human juvenile-onset, insu­
lin-dependent diabetes. 

As understanding grows of the biol­
ogy of transplants in the mammalian 
central nervous system, their potential 
to halt its deterioration or restore lost 
capacities will be tested in a growing 
number of disorders. Together with 
Francesco Scaravilli of the N ation-

EMBRYONIC CELLS 
FROM NUCLEUS 
BASALIS 

/\ 

ANOTHER FEATURE OF ALZHEIMER'S DISEASE, the depletion of acetylcholine in 

the cortex, was simulated by the author and his colleagues. An injection of ibotenic acid 

destroyed the large cells of the nucleus basalis, which send cholinergic fibers to the cortex. 
A water maze revealed the resulting memory deficit. A normal rat, trained to find a sub­

merged platform, will swim over the site as though searching for the platform even if it is 

removed. The path of an injected rat, in contrast, suggests the animal does not remember 
the platform's original position. After transplantation of embryonic cells from the nucleus 
basalis to the cortex, such a rat can again be trained to remember the site of the platform. 
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al Hospital in London, for example, 
I am exploring the possible value 
of such transplants in the hereditary 
metabolic defects known as lysosom­
al storage disorders. Caused by defi­
ciencies in enzymes needed to break 
down complex molecules within the 
cell, the disorders often lead to severe 
neurological deterioration. Appropri­
ate cells transplanted to the brain 
might replace the missing enzymes 
and prevent the degeneration. In other 
work, undertaken with Brian Mel­
drum and Smita Patel of the Institute 
of Psychiatry in London and Harry 
Robertson and Georgia Cottrell of 
Dalhousie University, I am studying 
the ability of transplanted inhibitory 
neurons to suppress epileptic seizures 
induced experimentally in rats. 

The work I have described is only a 
first step toward the development 

of reliable therapies for human dis­
eases; the procedures that have suc­
ceeded in rats are only now being tried 
in monkeys, in several laboratories in­
cluding my own. Yet a sense that it is 
urgent to attempt neuronal transplants 
in human beings is widely felt. Many 
of the human disorders that have been 
simulated and treated by transplan­
tation in experimental animals are 
currently incurable. The symptoms of 
Parkinson's disease can often be alle­
viated by the drug L-dopa, but the fatal 
progress of the disease continues. For 
Alzheimer's disease there is no such 
palliative. Olson and Seiger, working 
with Erik-Olof Backlund of the Karo­
linska Hospital and Institute of Stock­
holm, have already transplanted cells 
from the adrenal glands of four pa­
tients with severe Parkinson'S disease 
into their brains. None of the patients 
experienced a significant and lasting 
recovery, although several of them 
showed temporary improvements. 

For the moment transplantation in 
the central nervous system of hu­
man beings poses an ethical problem. 
Should experimental procedures that 
are shown to be successful in imper­
fect animal models but are unproved 
in primates and that carry unknown 
but perhaps serious risks be used to 
treat patients with progressive and fa­
tal disease? The issue warrants wider 
consideration than it has received so 
far. Further ethical questions will arise 
if experiments in primate models of 
human disease clearly establish the 
value of the procedures. Nerve cells 
derived from certain tumors can be 
grown in culture and have been trans­
planted successfully into rodents. The 
likeliest source of embryonic neurons 
for transplantation to human beings, 
however, appears to be tissue from 
aborted fetuses. 
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Pleasure TIip 
Don't let radar spoil it: Remember your Passport 

Imagine setting out on a long day's 
drive and not having to worry about 
radar. Seeing America might be fun 
again if you didn't have to watch it 
unfold in the rearview mirror. 

PASSPORT means 
low-profile protection 

PASSPORT has exactly what the 
vacationing driver needs: advanced 
radar protection, yet none of the 
nuisances you've come to expect 
of ordinary radar detectors. 

The experts at Car and Driver 
magazine gave us a rave review: "In 
a word, the Passport is a winner." 

Our customers agree, even 
though we allow them ample oppor· 
tunity to do otherwise. Every Passport 
is sold with the promise that it will 
live up to the customer's highest 
hopes, not just our claims. If it doesn't 
satisfy within the first 30 days, it can 
be sent back for a full refund. 

PASSPORT has been on the 
market just over a year and already 
our money-back offer has been 
declined a quarter of a million times. 
So we'll stand on our record. 

$295 (OH res. add $16.23 tax) 
Slightly higher in Canada 

©1986 Cincinnati Microwave, Inc. 

PASSPORT means 
the size of a cassette tape 

PASSPORT provides superhetero­
dyne performance in a package the 
size of a cassette tape. This miniatur­
ization is possible only with SMDs 
(Surface Mounted Devices), micro­
electronics common in satellites but 
unprecedented in radar detectors. 

All you do is clip PASSPORT to 
your dash top, windshield or visor, 
plug it in, and adjust the volume. Upon 
radar contact, the alert lamp glows 
and the variable-pulse audio begins 
a slow warning: "beep" for X band 
radar, "brap" for K band. Simulta­
neously a bar graph of Hewlett-Packard 
LEDs shows radar proximity. 

PASSPORT comes complete with all accessories. 

PASSPOR1= 
RADAR-RECEIVER 

As you get closer, the pulse 
quickens and the bar graph lengthens. 
PASSPORT watches for radar so you 
can watch the road. 

PASSPORT comes with a leather 
travel case and everything necessary 
to get you on the road in seconds, 
no matter what car you drive. And one 
more convenience - we deliver. We 
make PASSPORT in our own factory 
in Cincinnati and we sell direct to you. 

PASSPORT means 
an easy fit in your travel case 

Call toll free. We'll answer your 
questions. If you decide to buy, 
we'll ship by UPS the next business 
day at our expense. For $6.00 extra, 
Federal Express will deliver to you 
within two business days of shipment. 

And once again, we make this 
promise: if you're not satisfied within 
30 days, return PASSPORT We'll refund 
your purchase and your shipping 
costs. There are no hidden charges. 
Moreover, PASSPORT is backed by 
a one-year limited warranty. 

Next time you set out on a pleas­
ure trip, don't forget your PASSPORT 

Call Toll Free 800-543-1608 
Cincinnati Microwave 
Department 9 168 
One Microwave Plaza 
Cincinnati, Ohio 45296-0100 
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AT&T Bell Laboratories 
scientists have generated a beam 

from a diode laser with a frequency 
spectrum 1,000, 000 times narrower than 
that of today's most advanced 
commercial semiconductor lasers. 

Part of a record-breaking coherent 
lightwave system, this laser 'peels 

away' a tremendous 
number of unwanted 
frequencies that can 
clutter up a beam-to 
create a lightwave so 
pure , its frequency 
variance is limited to 

A drop in 1 part in 40 billion. The 
40,000,000 ,000 equivalent of one drop 

of ink in a million-gallon, Olympic-size 
swimming pool. 

Purity Has Its Rewards 
The new narrow-spectrum laser is the 
key element in a coherent lightwave 
communications system that increases 
the information-carrying capacity of 
an optical fiber, as well as the distance 
over which an unboosted laser beam 
can be received. 

Increased capacity comes from 
dramatically increasing the number 

of individual laser beams that 
can be sent through a fiber's best 
transmission window. 

Each laser in a coherent 
system produces an exceptionally 

stable , pure wavelength-allowing 
thousands of non-interfering 
wavelengths to travel side-by-side on 
a fiber. (Only a handful of beams can 
be combined using today's commercial 
semiconductor lasers. )  

Dial 'M' For Movie 
In the future, the capacity of coherent 
transmission could allow us to send 
10 million conversations-or 10 thousand 
digital TV channels-simultaneously, 
on a single fiber. 

Or, using the full capacity of a 
fiber, a coherent system could dump 
a movie like 'Gone with the Wind' into 
a home memory unit in one second fiat. 
Or deliver Beethoven's '5th' in less 
than a 50th of a second. 

Making A Little Go A Longer Way 
Increasing capacity is important in an 
age of rapidly expanding information 

needs. But so is reducing costs-in this 
case, by nearly doubling the distance 
an unboosted signal can be received. 

A newly developed AT&r coherent 
lightwave receiver contains its own 
narrow-spectrum laser. The beam 
from this laser reinforces the transmitted 
signal as it detects it-a technique only 
possible with two such pure beams. ' 

U sing this receiver, AT&T has 
achieved a laboratory transmission 
record of nearly 100 miles at a data rate 
of l billion pulses per second. 

We Don't Keep The Future Waiting 
Coherent lightwave transmission is 
just one of the ways AT&T is' working 
toward the high-capacity, high-speed 
integrated networks of the future. 

Meanwhile,  we're bringing 
tomorrow closer with leading-edge 
lightwave systems we're building today. 

AT&r this year introduced a 
commercial lightwave system-the 
FT Series G-designed to operate at up 
to 1.7 billion bits per second, a rate that 
permits the transmission of 24 thousand 
simultaneous calls on a single pair 
of fibers. 

And by 1988, we'll have installed 
the first transatlantic and transpacific 
lightwave systems to Europe and the 
Far East-systems capable of transmitting 
40 thousand simultaneous conversations 
on two pairs of fibers. 

Clearly, whether on land or 
underseas, AT&T is lighting the way in 
lightwave. And peeling the laser beam 
is part of it . 
© 1986 AT&T Technologies, Inc, 
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SCIENCE AND THE CITIZEN 
The Heart a/the Matter 

I
n its final report the presidential 

commission charged with examin­
ing the explosion of the space 

shuttle Challenger identifies the design 
flaw that caused the accident and de­
scribes in detail the events leading up 
to the tragedy. It does not describe the 
underlying causes, within the organi­
zation of the National Aeronautics 
and Space Administration, that made 
it possible for serious dangers to be 
ignored. One of the commissioners, 
Richard P. Feynman of the California 
Institute of Technology, has addressed 
this question in a separate document, 
in which he treats the errors in judg­
ment and execution discovered by the 
commission as symptoms by which 
to diagnose larger problems within 
the space agency. He concludes that 
NASA'S effectiveness in selling its proj­
ects to Congress has interfered with its 
effectiveness as a science and engi­
neering agency. 

It is well known by now that the im-

mediate cause of the accident was 
found to be a faulty seal in one of the 
joints between sections of the shuttle's 
right-hand solid-rocket booster. Hot 
gases eroded a rubber O-ring in the 
seal and "blew by" it, creating a leak 
that eventually allowed a plume of 
flame to escape through the joint and 
pierce the shuttle's external fuel tank. 

The finding came as no surprise. 
Testimony before the Rogers commis­
sion (named for its chairman, William 
P. Rogers, a former secretary of state) 
revealed that O-rings in the solid-rock­
et boosters had been a matter of con­
cern for nearly a decade. Seals are an 
essential part of the boosters because, 
like all large solid rockets, they are 
built in sections. There are several rea­
sons for such a design. One is that the 
fuel is first cast as a liquid, and it might 
not dry and cure correctly if it were de­
posited in a single container as large as 
the shuttle booster. Another reason is 
that an intact booster rocket would 
be too large to be transported by rail 
from the manufacturer to the launch 

site; because the boosters were made in 
landlocked Utah, no other means of 
transportation was available. The par­
ticular method of joining the sections 
that was proposed by the manufactur­
er, Morton Thiokol, Inc., had been 
criticized by NASA, however. That was 
in 1977, when tests first indicated that 
Thiokol's method of sealing the joints 
between sections might lead to erosion 
and leaks. 

During the second flight of the space 
shuttle,in November, 198 1, one O-ring 
in the right-hand solid-rocket booster 
was eroded, although no gases blew by 
it. O-rings were eroded during 1 1  sub­
sequent flights-often in more than 
one joint-and in nine flights hot gases 
blew by the "primary" O-ring in at 
least one joint but did not pass com­
pletely through the rest of the seal. 

Engineers at Thiokol were alarmed 
by the unexpected frailty of the seals. 
In July, 1985, Roger M. Boisjoly, a 
Thiokol engineer, wrote a memoran­
dum to Robert K. Lund, the vice-pres­
ident of engineering, "to insure that 

FAILURE of a seal doomed the space shuttle while it was still on the 
launch pad. Smoke leaked from the right-hand booster rocket and spurt-

ed upward .678 second after the rocket was ignited. In the first 

photograph (left) the leaking joint is at the bottom of the 
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management is fully aware of the seri­
ousness of the current O-ring erosion 
problem . . . .  It is my honest and very 
real fear that if we do not take immedi­
ate action to dedicate a team to solve 
the problem . . .  we stand in jeopardy of 
losing a flight along with all the launch 
pad facilities." A later memorandum, 
written in October, 1985, by the head 
of the task force eventually created to 
solve the problem, begins with the 
word "HELP!" and ends with "This is 
a red flag." The engineers' concern 
came to a head the night before the 
Challenger launch, when, in a telecon­
ference, they tried to convince both the 
NASA and Thiokol managements not to 
launch because of the extremely cold 
temperatures at the launch pad. 

Why were shuttles allowed to fly 
when critical parts were being dam­
aged in unexpected ways? According 
to Feynman, managers at NASA and at 
Thiokol came to regard O-ring erosion 
as an acceptable risk because O-rings 
had eroded on previous flights without 
causing the boosters to fail. Officials 
noted that in the earlier flights the 
rings had been eroded by no more than 
one-third of their radius. Experiments 
had indicated that an O-ring would 

have to be eroded by one full radius 
before it would fail, and so the offi­
cials asserted that there was "a safety 
factor of three." Feynman observes, 
"This is a strange use of the engineer's 
term 'safety factor.' . . .  Erosion was a 
clue that something was wrong. Ero­
sion was not something from which 
safety can be inferred." 

Officials tried to understand the ero­
sion by making a mathematical model, 
based on data from flights on which 
the O-rings eroded, to predict the 
amount of damage to be expected un­
der various conditions. Feynman dis­
cusses the way the model was devel­
oped and the final form it took and 
then adds: "There is nothing much so 
wrong with this as believing the an­
swer! Uncertainties appear every­
where . . . .  The empirical formula was 
known to be uncertain, for it did not go 
through the very data points by which 
it was determined." NASA used this 
mathematical model to rationalize fly­
ing with ever greater risks. Feynman 
also discusses the design, testing and 
certification of the shuttle's main liq­
uid-fuel engine and concludes that 
here too there was a "slow shift toward 
decreasing safety factor. " In these and 

other cases, "subtly, and often with ap­
parently logical arguments, the crite­
ria are altered so that flights may still 
be certified in time." 

To estimate the chances of a space 
shuttle's failing, NASA managers sub­
stituted what they termed "engineer­
ing judgment" for the standard meth­
ods of probability. They set the proba­
bility of failure at about one chance in 
100,000. Working engineers thought 
the chances were closer to one in 100. 
"If we are to replace standard numeri­
cal probability usage with engineering 
judgment," Feynman asks, "why do 
we find such an enormous disparity 
between the management estimate and 
the judgment of the engineers?" 

Feynman hypothesizes that the fun­
damental cause of NASA'S systemic 
overconfidence was that a major role 
of NASA management was to get fund­
ing from Congress. To do so, he says, 
they painted too rosy a picture of what 
could be accomplished with current 
technology. At a press conference held 
when he released his independent re­
marks, Feynman speculated that "by 
exaggerating what they said they could 
do, they got in a position where they 
didn't want to hear too much about the 

smoke cloud, near the top of the hemispherical section of the 

orange external fuel tank. In successive photographs the puff 
of smoke hangs in the air as the shuttle, tracked by NASA'S camera, 

ascends. Photographs are from the report of the presidential commission. 
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truth . . . .  The Challenger mission was 
the final accident of a sequence of 
things in which there was warning af­
ter warning after warning that some­
thing was wrong . . . .  For 10 years they 
discussed this problem and didn't do 
anything about it. . .  because it was 
hard for information to come up. But 
we know the information was there at 
the lowest levels. Why the engineers 
are at the lowest levels I have no idea, 
but the guys who know something 
about what the world is really like are 
at the lowest levels of these organiza­
tions and the ones who know how to 
influence other people by telling them 
how the world would be nice . . .  they're 
at the top. " 

Although Feynman judges NASA 
management more harshly than the 
official report, the latter does suggest 
that NASA'S original plans for the shut­
tle were overambitious: the commit­
ment to provide routine and economi­
cal access to space locked the agency 
into a schedule too tight to be met with 
the available resources. For example, 
the inventory of spare parts was not 
large enough to accommodate the 
launch schedule, and so each orbiter 
was made ready for launch by canni­
balizing parts from other orbiters. The 
commission suggests that NASA'S de­
sire to make the shuttle the only major 
U. S. launch system put too much pres­
sure on the program to meet tight 
schedules and to be able to handle any 
payload. NASA'S can-do attitude, its 
willingness to undertake challenging 
tasks at the last minute, also strained 
the resources of the ground crews and 
forced NASA officials to focus on the 
near term at the expense of long-term 
safety and economy. 

Yet the report does not recommend 
any major changes in the overall struc­
ture of the space program, nor does it 
hold the highest levels of management 
responsible for the accident; it reserves 
its strongest criticism for management 
at Thiokol and at NASA'S Marshall 
Space Flight Center, the division of 
NASA responsible for the boosters. The 
report concludes by urging the Admin­
istration and the country to continue 
supporting NASA. 

Feynman's report goes on to draw 
the connection between the overopti­
mistic attitude of top management and 
the accident. He concludes by admon­
ishing NASA to be realistic in estimating 
costs and setting schedules. "If in this 
way the Government would not sup­
port them, then so be it. NASA owes it to 
the citizens from whom it asks support 
to be frank, honest and communica­
tive, so that these citizens can make the 
wisest decisions for the use of their 
limited resources. " His final remark is 
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that of a physicist who is galled to see 
what he calls "fantasy" enter the realm 
of science and engineering: "For a suc­
cessful technology, reality must take 
precedence over public relations, for 
nature cannot be fooled. " 

BIOLOGY 

Body and Soul 

The notion that a good mental atti­
tude can help the body to fight off 

disease and that depression can help 
cause the body to succumb suggests 
that the nervous system may influence 
cells that mount the immune response. 
Some tantalizing linkages are known. 
Certain neurotransmitters (the sub­
stances that mediate brain activity) 
can affect the activity of some lym­
phocytes, the white blood cells that de­
fend against invasion. Moreover, cer­
tain lymphocytes are known to have 
receptors that are sensitive to neuro­
transmitters. 

The converse possibility has now 
emerged. The lymphocytes designated 
as helper T cells synthesize a protein 
found previously in the brain-a pro­
tein that incorporates several copies of 
the neurotransmitter known as en­
kephalin. It is conceivable that the en­
kephalin is a blood-borne signal the 
helper T cells dispatch to neural tar­
gets. That is, the immune system may 
influence the nervous system. 

Gerard Zurawski, John S. Abrams 
and their colleagues report the discov­
ery in Science. Working at the DNAX 
Research Institute of Molecular and 
Cellular Biology, operated in Palo 
Alto by the Schering-Plough Corpora­
tion, the investigators studied mouse 
helper Tcells. Activation with the pro­
tein called concanavalin A induced the 
cells to secrete a variety of lympho­
kines, proteins that coordinate the ac­
tivities of other cellular participants 
in the immune response. The investi­
gators analyzed the messenger RNA 
(mRNA) they found in the activated 
cells but not in resting ones. Each 
mRNA carries instructions for the 
synthesis of a protein; the mRNA's 
present only in activated cells might 
yield the identity of some of the un­
known chemical signals that helper T 
cells manufacture. 

One such messenger was intriguing. 
It specified the structure of a protein 
in which the amino acids lysine and 
arginine made frequent appearances. 
They often mark sites where a pro­
tein is cleaved into smaller molecules. 
The enkephalins (which are peptides, 
or short chains of amino acids) also 
appeared frequently. The messenger 

proved to encode (with 97 percent 
faithfulness) the structure of rat pre­
proenkephalin, a protein found in the 
brain and also in the medulla, or core, 
of the adrenal gland. It incorporates 
seven enkephalin molecules. 

The messenger was notably abun­
dant. In nerve cells that synthesize pre­
proenkephalin (and apparently cleave 
it into enkephalin) it accounts for less 
than one out of every 3,000 mRNA 
molecules; in adrenal cells that synthe­
size preproenkephalin it accounts for 
about one out of every 1,000. Yet in 
the helper T cells it appeared to ac­
count for one out of every 250; its 
abundance was comparable with that 
of the messengers for known lympho­
kines. Evidently the activated helper T 
cells make significant amounts of pre­
proenkephalin. Perhaps they respond 
to an invasion of the body by secreting 
it, or enkephalins themselves, into the 
bloodstream along with the known 
lymphokines and other proteins still to 
be discovered. 

Zurawski, Abrams and their col­
leagues cannot yet specify a function 
for the secretion. Enkephalin may sim­
ply serve the immune system as anoth­
er, newly identified lymphokine; that 
is, it may serve locally to coordinate 
the activity of other lymphocytes. On 
the other hand, enkephalin could serve 
as a signal to parts of the peripheral 
nervous system, such as sensory fibers 
or autonomic ganglia. Moreover, al­
though the brain and spinal cord are 
isolated from much of what travels in 
the blood, it may be unwise to neglect 
them as candidate targets. Abrams 
notes occasional findings that helper T 
cells somehow get into the brain. 

Telltale Cells 

The effects of a mutagen-a chemi­
cal or a form of radiation that can 

damage the genetic material-can in 
principle be measured in the labora­
tory by exposing cultured cells to the 
agent and examining later cell genera­
tions for genetic changes. Traditional 
techniques for gauging mutagenicity 
are hampered, however, by the fact 
that genetic change often kills a large 
fraction of the mutated cells. They 
leave no altered progeny, and their 
mutations go undetected. 

In Proceedings o/the National Acade­
my 0/ Sciences Charles Waldren, Carol 
Jones, Theodore T. Puck and their co­
workers at the Eleanor Roosevelt In­
stitute for Cancer Research in Denver 
and the University of Colorado Health 
Sciences Center report a new tech­
nique that eliminates much of the bias 
introduced by cell death and is consid­
erably more sensitive than its prede-
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cessors. Whereas test cells previously 
had to be given large doses of radia­
tion or chemical mutagens to allow for 
cell death and yet produce a countable 
number of mutations, the new method 
can yield meaningful results directly at 
low doses in the range to which human 
beings are often exposed. 

All such techniques make use of one 
or more genetic markers: heritable 
traits whose presence or absence can 
be detected in descendants of the ex­
posed cells. The Denver workers rely 
on a set of surface proteins borne by 
all the cells in the initial population. 
Following exposure the workers test 
for missing marker proteins in order to 
determine the frequency of change in 
the genes encoding them. Antibodies 
that bind to the proteins act as probes. 

The crucial contrast between the 
new technique and its forerunners is 
the site of the marker genes. Earlier 
methods relied on marker genes car­
ried on chromosomes essential for cell 
reproduction. The cell might survive 
a mutation affecting only the marker 
gene but would probably die after 
larger changes such as the deletion 
of the chromosome segment that in­
cludes the gene or the outright loss of 
the chromosome. The Denver group 
has developed hybrid cells containing 
a full set of Chinese hamster chromo­
somes and an extra, human chromo­
some bearing several genetic markers. 
Because the hamster chromosomes 
carry all the genetic machinery needed 
for reproduction, the cell can live to 
record mutations as large as even the 
loss of the entire human chromosome. 

The new technique makes it possible 
to distinguish between such large-scale 
damage and smaller changes. The loss 
of all the marker proteins encoded by 
the human chromosome suggests the 
mutation eliminated the entire chro­
mosome; the absence of two markers 
specified by closely spaced genes sug­
gests the deletion of a chromosome 
segment, and the loss of only a single 
marker suggests a localized mutation. 

The results obtained at low doses of 
X rays testify to the method's sensitiv­
ity. In the past investigators estimat­
ed the mutagenicity of low doses by 
extrapolating linearly down from the 
mutation rates measured at high dos­
es. It now appears that such extrapo­
lations drastically underestimated the 
effects of the smaller exposures be­
cause cell death had skewed the ex­
isting data. The authors found that 
mammalian cells treated with small 
amounts of X rays mutate at least 200 
times more often than was thought. 

The workers hope their technique 
will lead to a clearer appraisal of the 
health effects of chronic, low-level ex-

posure to radiation and chemical mu­
tagens. They suggest the method could 
also serve as an assay for potential 
prophylactic agents that would protect 
cells against mutagens and conceiv­
ably lower the incidence of cancer and 
certain genetic diseases. 

MEDICINE 

Sweet News 

An experimental drug tested in ani­
£\. mals has arrested a biochemical 
process thought to contribute to sev­
eral debilitating conditions associated 
with diabetes. The process may also 
figure in the genesis of such effects of 
aging as cardiovascular disease and 
cataracts. The investigators, Michael 
Brownlee, Helen Vlassara, Anthony 
Kooney, Peter Ulrich and Anthony 
Cerami of Rockefeller University, 
hope to begin clinical testing of the 
drug, aminoguanidine, within a year. 

Aminoguanidine appears to prevent 
the formation of potentially destruc­
tive cross-links, or tight chemical 
bonds, between proteins. The steps 
leading to this cross-linking begin 
when glucose, the major sugar in the 
blood, enters the bloodstream and at­
taches to a protein. If glucose attaches 
to a long-lived protein, such as .colla­
gen or other components of structural 
tissue, the resulting molecule eventu­
ally undergoes a slow rearrangement 
into an "advanced glycosylation prod­
uct." Such products tend to form per­
manent cross-links with other nearby 
protein-containing molecules. 

The investigators think that in the 
course of several years the accumu­
lation of these cross-linked products 
can damage blood vessels and other 
tissues. In the arteries, for example, 
the advanced glycosylation product 
formed with collagen can cross-link 
with other collagen molecules and can 
also trap proteins from plasma and 
cross-link with them. Among these 
plasma proteins are low-density lipo­
proteins, which contain cholesterol 
and are a major component of athero­
sclerotic plaque. Eventually the accu­
mulation of proteins and cholesterol 
on the vessel wall can stiffen the vessel 
and clog it. 

The cross-linking of proteins may 
also lead to cataract formation in the 
lens of the eye, wrinkling of the skin 
and stiffening of the heart muscle, 
lungs and tendons around the joints. 
Atherosclerosis, cataracts and tissue 
stiffening, all associated with aging in 
the normal population, tend to occur 
prematurely in people with diabetes­
very possibly, Brownlee says, because 

diabetes elevates blood-glucose levels, 
which in turn elevates the rate of pro­
tein glycosylation. Brownlee thinks 
accelerated glycosylation and cross­
linking may also result in changes 
observed only in the capillaries of peo­
ple with diabetes. In the eye these "dia­
betic" changes can lead to blindness, 
in the kidneys to organ failure. 

The workers have so far focused 
their attention on interrupting harmful 
cross-linking in blood vessels. They 
chose aminoguanidine for the purpose 
because laboratory studies had indi7 
cated that it binds to the reactive frac­
tion of advanced glycosylation prod­
ucts, thereby blocking their ability to 
interact with nearby proteins. 

In their recent animal studies, which 
were reported in Science and at the an­
nual meeting of the American Diabe­
tes Association, the investigators com­
pared the arteries of untreated diabetic 
rats with those of diabetic rats giv­
en aminoguanidine for 16 weeks. The 
treated animals' arteries contained 
significantly lower amounts of cross­
linked collagen and collagen bound 
to lipoproteins. The treated rats also 
showed less binding of plasma pro­
teins to the walls of kidney capillaries. 
In the future, Brownlee says, the drug 
should enable workers to design long­
term studies to determine whether ad­
vanced glycosylation products do in 
fact contribute to vascular disease and 
whether medication can prevent its de­
velopment in human beings. 

Mood and Food 

P eople become obese because they 
take in more calories than they 

burn. What makes someone overeat? 
Evidence cited at a recent conference 
sponsored by the New York Academy 
of Sciences suggests that a subgroup 
of obese people-"carbohydrate crav­
ers"-may overeat in an unwitting at­
tempt to medicate themselves when 
they feel depressed. 

The conference organizers, Richard 
J. Wurtman and Judith J. Wurtman of 
the Massachusetts Institute of Tech­
nology, recently found that subjects 
who normally binge on carbohydrates 
feel more vigorous and less depressed 
after being given a carbohydrate meal 
than do people who normally choose 
other kinds of snacks. The Wurtmans 
suspect that the well-being experi­
enced by the carbohydrate cravers in 
the study can be explained by an in­
creased level of the brain chemical 
serotonin. The production of seroto­
nin, which affects both satiety and 
mood, increases after a meal or a 
snack that is primarily carbohydrate. 
Conceivably, the Wurtmans say, car-
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bohydrate cravers-who may account 
for about half of all obese people­
overeat to achieve serotonin-induced 
mood changes. 

Support for a link between mood 
and excessive carbohydrate consump­
tion has recently come from investiga­
tions into depression and its treatment. 
For instance, Norman E. Rosenthal 
and his colleagues at the National In­
stitute of Mental Health report that 
about two-thirds of people who have a 
recently recognized syndrome, season­
al affective disorder (SAD), crave car­
bohydrates and gain weight when they 
are depressed. SAD victims have an ex­
aggerated response to season chang­
es, becoming depressed, lethargic and 
withdrawn in winter and becoming 
happier and more energetic in spring 
and summer. Many SAD victims also 
lose weight in the spring and, accord­
ing to preliminary evidence from the 
Wurtmans, choose fewer carbohy­
drate snacks in that season than they 
do in the winter. 

Other studies, involving antidepres­
sant drugs that increase the amounts 
of serotonin in brain synapses, add 
more evidence to the mood-food con­
nection-and raise the possibility of 
new treatments. In France, where one 
such drug, d-fenfluramine, is on the 
market, Christine Nathan and her col­
leagues at the International Research 
Institute Servier, have shown that d­
fenfluramine leads to a decrease in 
stress-induced eating and a decrease 
in carbohydrate snacking by obese 
carbohydrate cravers; it also leads to 
weight loss. Similarly, the Wurtmans 
and their colleague Dermot O'Rourke 
have found that d-fenfluramine eased 
both winter depressive symptoms and 
the tendency to binge on carbohy­
drates in eight SAD patients. Other in­
vestigators have found that an experi­
mental antidepressant called fluoxe­
tine could produce weight loss in 
overweight subjects. 

Carbohydrate cravers are, of course, 
just one possible subgroup of people 
who become obese. Indeed, many con­
ference participants emphasized the 
importance of recognizing that obesity 
can no longer be viewed as a single dis­
order with a single cause. Among the 
many potential causes might be a de­
fect in the production of serotonin or 
of a range of other substances that in­
fluence satiety or food choice, as well 
as a decreased rate of calorie burning 
in certain people. 

Clarinetist's Thumb 

Afew months ago a professional vio­
linist came to Michael E. Char­

ness, a neurologist at the University 
of California at San Francisco, com-
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plaining of a neck pain and numbness 
in her playing arm. Charness watched 
her play for an hour and saw that she 
held her head in exactly the position 
physicians choose to induce symptoms 
of a pinched nerve in the neck. He rec­
ommended that she change her play­
ing position. Two months later she was 
able to play for an extended period 
without pain. 

The violinist's affliction and many 
others, some merely annoying to most 
people but career-threatening to per­
forming artists, have given rise to a 
number of clinics devoted to illnesses 
to which musicians, dancers and oth­
er performing artists are susceptible. 
Massachusetts General Hospital, the 
Hospital for Joint Diseases in New 
York, the Cleveland Clinic Founda­
tion and the University of California 
at San Francisco have all established 
special teams for the purpose in recent 
years. There is even a new medical 
journal, Medical Problems of Perform­
ing Artists. 

Often the problem arises from over­
use of a muscle, tendon or joint. A 
clarinetist supports the instrument by 
means of a hooklike device that rests 
on the right thumb; the result can be 
pain in the middle joint. A pianist is 
likely to have trouble with an elbow, a 
wrist or a hand. A singer or an actor 
can suffer from polyps or strained vo­
cal chords, a dancer from a variety of 
leg injuries. 

Robert D. Leffert, an orthopedist 
who is part of the special team treating 
performing artists at Massachusetts 
General, recently discussed the prob­
lems in Harvard Medical School Health 
Letter. "A physician who sees musi­
cians only occasionally," he wrote, 
"may fail to recognize that there is a 
problem when he or she first hears the 
performer's account of it. And it may 
be phrased in a rather peculiar way, as 
when a pianist says, 'I notice a boggi­
ness when I attempt to play the Bee­
thoven E-major sonata.' This trans­
lates to: 'I notice a new stiffness in my 
right hand when I try rapidly alternat­
ing two keys.' When the performer and 
physician lack a common language, 
treatment is difficult enough, and if 
the doctor has a preconceived notion 
that artists have eccentric personal­
ities, it can be very difficult for the mu­
sician to persuade him or her that the 
problem is real, and not merely neu­
rotic, or an excuse for an inability to 
perform." 

Once the problem is recognized, 
treatment can range from surgery to 
a prescription for anti-inflammatory 
drugs or physical therapy to rest or 
changes in playing style. The patient is 
not the only one helped. According to 
Frank R. Wilson, a neurologist in the 

San Francisco clinic, the work with 
performing artists "can tell us about 
how the brain and muscuioskeletal 
system work together." 

PHYSICS 

Sound Reasoning 

For the past three decades the speed 
of sound in dry, open air under so­

called standard conditions (at a tem­
perature of zero degrees Celsius and a 
pressure of one atmosphere) has been 
listed in handbooks as 33 1.45 meters 
per second (74 1.43 miles per hour). 
Most scientists and engineers have 
taken this value for granted. George 
S. K. Wong of the National Research 
Council of Canada did not. The value 
looked suspect to him, and thorough 
investigation confirmed his suspicions. 

Sound is essentially a pressure dis­
turbance propagating through a medi­
um. As such, a formula for its speed of 
propagation in a gas can be rather sim­
ply derived from the thermodynamic 
properties of the gas (its behavior as a 
function of pressure, volume and tem­
perature). Indeed, the French math­
ematician Pierre Simon de Laplace 
was the first to state such a formula 
about 200 years ago. If the constants 
and parameters that describe the ther­
modynamic properties of air are accu­
rately known, Laplace's formula de­
termines the speed of sound in air with 
remarkable precision. 

Wong recognized that most of the 
values for those constants and param­
eters had been revised since the early 
1950's, when what have been thought 
to be the definitive investigations into 
the matter were made; he was curious 
to see whether the calculated speed of 
sound based on the latest values was 
in agreement with the accepted speed. 
When he substituted the new values 
into Laplace's formula, he found the 
speed of sound in dry air under stan­
dard conditions to be 33 1.29 m.p.s., or 
74 1.07 m.p.h.-.05 percent less than 
the accepted speed. 

Yet the accepted speed had been de­
termined from numerous direct meas­
urements, which were thought to have 
an average estimated uncertainty of 
only .02 percent. Could their uncer­
tainty really have been underestimated 
for 30 or more years? As Wong writes 
in Journal of the Acoustical Society of 
America, he scrutinized more than 30 
reports on the measurement of the 
speed of sound published in the past 
100 years. In virtually all of them he 
found sources of uncertainty in the 
specification of such critical factors as 
air composition and humidity, baro­
metric pressure, temperature and even 
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unit definitions and conversions; the 
methods used to red uce the measured 
results (obtained for the most part at 
room temperature) to standard condi­
tions were also often questionable. 

Wong decided that the uncertainty 
in every speed-gauging experiment 
was likely to have been larger than 
what was cited in the reports. He con­
cluded that his recalculated, theoreti­
cal value is actually well within the 
bounds of experimental error. Until 
more accurate speed measurements 
disprove it, his value should be consid­
ered as the "true" speed of sound. 

Although the more precise value for 
thf\ speed of sound may not have much 
impact on the average person, Wong's 
finding will necessitate some activity 
among scientists, engineers and their 
publishers: textbooks will have to be 
updated, formulas will have to be re­
vised and laboratory acoustical equip­
ment will have to be recalibrated. 

Shadow Play 

What drew matter together in the 
early universe to form galaxies 

and clusters of galaxies? Prevailing 
theory, which holds gravity responsi­
ble, has been challenged by two inves­
tigators at the University of Arizona. 
Craig J. Hogan and Simon D. M. 
White write in Nature that "mock 
gravity," an effect of radiation pres­
sure, may have precipitated the coales­
cence instead. 

Radiation pressure is an analogue of 
the more familiar, readily experienced 
kinds of pressure. Just as expanding 
gas in a cylinder head exerts force on 
the vessel's walls and will cause a pis­
ton to move if the pressure is suffi­
ciently high, so light exerts force on 
particles and will cause them to move 
if the radiation is sufficiently intense. 
On the earth radiation pressure is neg­
ligible compared with the strength of 
gravity. In deep space radiation pres­
sure assumes increasing importance. 

If two particles lie in a beam of light 
so that the first particle shadows the 
second, the first particle "feels" the ra­
diation pressure of the light, whereas 
the second particle does not. As a re­
sult the first particle will move toward 
the second. In the space between stars, 
where radiation comes more or less 
evenly from all directions, two nearby 
particles can lie in each other's shad­
ow. Mock gravity is the attractive 
force the particles feel because of such 
mutual shadowing. Hogan and White 
estimate that in space the force can be 
200 times as strong as the gravitational 
attraction between the particles. 

If the mock-gravity theory is cor­
rect, interstellar dust particles should 
produce a distinct pattern of infrared 

EXPLODING STAR known as a supernova was detected in galaxy M99 in the Virgo 

cluster by an automated sky-search system. The photograph at the left, made this past 

spring, shows the core of the galaxy and a foreground star from the Milky Way galaxy 

(upper left). The photograph at the right, made nine days later, shows the new supernova 

(which is 10 percent as bright as the entire galaxy) between the star and the galactic core. 

radiation. The Cosmic Background Ex­
plorer satellite, which is scheduled for 
launch at the end of the decade, should 
detect such a pattern if it exists. 

To Catch a Rising Star 

I n the course of a year a large number 
of stars are thought to explode, be­

coming supernovas. In spite of the 
relatively high expected frequency 
of stellar explosions, astronomers spot 
only about 10 new supernovas per 
year-usually weeks or months after 
the most interesting moments of their 
creation. Now an automated system 
developed by a team of workers led by 
Richard Muller and Carl Pennypacker 
of the Lawrence Berkeley Laboratory 
has gone into operation. Designed to 
enhance both the number of superno­
vas detected and the timeliness of the 
observations, it has already discovered 
a supernova in galaxy M99 in the Vir­
go cluster, about 60 million light-years 
from the earth. 

The automated system, which took 
five years to develop and test, was 
mounted last fall on the 30-inch tele­
scope at the Leuschner Observatory 
in Lafayette, Calif. As the telescope 
sweeps across the sky a camera makes 
photographs of all accessible galaxies, 
approximately 400 per night. A com­
puter then compares the photographs 
with a reference set of images. When 
the computer detects a sudden change 
in the brightness of the stars, it signals 
that a supernova may have been spot­
ted. Investigators then compare the 

images to make the final determina­
tion. The procedure led to the discov­
ery ,of the M99 supernova this past 
spring, within nine days of its creation. 

When the system is fully operation­
al, it should be able to detect as many 
as 100 supernovas per year, identify­
ing them within hours after the light 
signaling their creation reaches the 
earth. Rapid detection should signifi­
cantly advance understanding of how 
supernovas are formed, as Penny­
packer notes. "Our understanding of 
supernovas is very sketchy," he com­
ments. "We know little about what 
makes them explode or how bright 
they are. A lot of what's most interest­
ing in supernovas happensjust before 
the final collapse and in the first few 
seconds after it. The closer we can get 
to that moment, the better our under­
standing of what's going on. We want 
to look at the fire, not the smoke. " 

TECHNOLOGY 

Tripping the Light Fantastic 

I t is an irony of solid-state technology 
that a device as complex as the log­

ic circuitry in the central processing 
unit of a computer is in essence simply 
an array of switches. Each switch is a 
transistor, which is tripped by electric 
charge and controls the flow of an 
electric current. If the current flows, 
the switch is "on"; absence of flow cor­
responds to "off. " A new possibility is 
that the switches might be photonic. 
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"The Bovs Club 
helped take me 

from the outfield 
to the oil field:' 

C.J. "Pete" Silas 
Chairman & Chief Executive Officer, 
Phillips Petroleum Company 

"In the neighborhood where I 
grew up, there weren' t many places 
for a kid to spend his time. Except 
maybe the streets. So it's a good 
thing there was a Boys Club down 
the road. It was a place where we 
learned about something far more 
impor tant than how to run the 
bases-how to run our lives. 

You see,  a Boys Club doesn' t 
stop at teaching young people good 
sportsmanship. It teaches them 
about friendship, good citizenship, 
leadership. It's nice to know more 
than 1,200,000 young people at 
1,100 Boys Club facilities across the 
country are getting the same oppor­
tunities we had. And more. 

Today, they can learn computer 
skills and get vocational training at a 
Boys Club. T hey can even get help 
with college and career planning­
the kind of help that can turn a star 
in the outfield into a star in any field 
he chooses! 

Take it from me, a Boys Club 
gives a kid a chance to be a leader. 
And that's a lesson I never forgot!" 
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The Club that 
beats the streets. 

Each switch would be tripped by pho­
tons (particles of light) and would con­
trol the flow of a beam of light. Such a 
switch offers advantages over elec­
tronic switches: it could be arranged in 
solid-state devices in ways that are not 
possible for electronic switches. Con­
sequently photonic switches should be 
able to increase greatly the capacity of 
computers and other devices to handle 
information. 

David Miller and his colleagues at 
AT&T Bell Laboratories have devised 
the first working array of solid-state 
photonic switches. Their invention, a 
photonic switching chip, is a special­
ly tailored semiconductor wafer. It in­
corporates a two-by-two arrangement 
of photonic switches called SEED

'
S (for 

self electro-optic effect device). In a 
SEED the arrival of light produces a 
change in voltage, which in turn af­
fects the material's optical behavior: 
specifically, the SEED switches from 
being strongly transmissive to being 
strongly absorptive. 

Arranging the SEED
'
S in a prototype 

chip presented difficulties. A central 
problem in semiconductor electronics 
(and now in photonics) is cascadabil­
ity, which is to say that the output of 
one circuit element must create the in­
put for the next. An electronic circuit 
element has to produce a voltage that 
ind uces or halts the flow of electric 
current in other transistors. The light 
output of an optical element has to be 
of a suitable intensity and wavelength 
to drive other optical elements. 

In order to operate, a SEED requires 
supporting circuit elements. For ex­
ample, each SEED has an internal volt­
age; a change in its optical transmissiv­
ity is produced by changing the volt­
age. The voltage that would have been 
applied to the SEED then has to be 
"absorbed "  by a component such as 
a resistor. 

Miller and his colleagues devised a 
strategy to incorporate the supporting 
circuitry in the chip while preserving 
the chip's minute size. The chip is cre­
ated by molecular-beam epitaxy, in 
which a semiconductor crystal lattice 
is deposited on a wafer atom by atom 
or molecule by molecule. Each SEED 

consists of 2,500 layers of gallium ar­
senide and gallium aluminum arsenide 
in alternation; the supporting circuit 
elements are grown directly on top of 
the SEED

'
S, so that the chip is "vertical­

ly integrated. " A single battery sup­
plies the voltage for the entire array. 
The overall thickness of the device 
is only six micrometers, or six thou­
sandths of a millimeter. The device 
may nonetheless be the most complex 
structure the epitaxy technique has 
ever produced. 

Miller predicts that the greatest ad-

vantage of the photonic technology 
is likely to lie in parallel processing, 
the handling of large quantities of in­
formation sim ultaneously. In electron­
ic circuitry the capacity for paral­
lel processing is limited because data 
must enter and leave a chip along a 
single line-the perimeter of the chip, 
which constitutes a one-dimensional 
bottleneck. The vertical integration of 
the photonic technology suggests a 
better, two-dimensional strategy: data 
could enter the top face of a chip and 
emerge at the bottom face, so that a 
larger quantity of information could 
be processed simultaneously. 

Gene Genie 

Biotechnology has acquired a signifi­
cant new piece of automated 

equipment: a computerized DNA se­
quencer that reads off the order of nu­
cleotides in a cloned gene. The device 
was developed in the laboratory of Le­
roy E. Hood at the California Institute 
of Technology and will be manufac­
tured and marketed by Applied Bio­
systems, Inc. 

The genetic information of DNA is 
encoded in the sequence of its compo­
nent nucleotides, and so the rapid se­
quencing of DNA is a critical opera­
tion in molecular biology. Within the 
past decade two powerful sequencing 
methods have been developed, but 
they depend on autoradiography and 
require a fair amount of time and la­
bor. The sequencing machine does the 
job in real time and without radioac­
tive isotopes. 

The Caltech workers exploited the 
seq uencing technique developed by 
Frederick Sanger of the University of 
Cambridge. Each nucleotide of DNA 
is characterized by one of four chemi­
cal groups called bases: adenine (A), 
guanine (G), thymine (T) and cytosine 
(C). In the Sanger method the DNA 
strand to be sequenced is replicated as 
four sets of radioactively labeled frag­
ments. Each set contains fragments 
ending in a particular base (A, G, Tor 
C) and each fragment is one nucleo­
tide longer than the next. The sets of 
fragments are injected at the top of 
four parallel gel columns, one column 
for each base. An electric field applied 
to the columns drives the fragments 
through the gel. Because the smaller 
fragments travel faster than the larger 
ones, the fragments are sorted into a 
series of groups, each of which is seen 
as a dark band when a photograph­
ic emulsion is exposed to the gel. By 
reading the order of the bands across 
the four columns the investigator can 
determine the sequence of the original 
DNA strand. 

The Caltech workers write in Nature 
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that they automated the Sanger meth­
od by chemically manipulating the 
fragments so that each species is 
marked by one of four different fluo­
rescent dyes: green for A, orange for G, 
red for T and yellow-green for C. The 
mixture of dye-labeled fragments is 
then injected into a single long tube 
containing a gel. An argon laser at the 
bottom of the tube illuminates the 
fragments as they migrate through the 
gel. A photomultiplier tube at the side 
of the gel column detects the light re­
flected by each dye molecule as it 
passes and sends an electrical signal to 
a computer. The computer translates 
each signal into a color-and hence a 
particular base-and thereby deter­
mines the DNA sequence. 

Buoyant Bugs 

C yanobacteria, or blue-green algae, 
float near the sunlit surface of 

lakes and oceans. What if industrially 
useful bacterial cells and higher cells, 
which sink and clump in liquid media 
and are vulnerable to vigorous stir­
ring, could be made as bl)oyant as the 
algae? They should mix more easily, 
grow faster and be skimmed readily 
off the surface of the medium, increas­
ing yields of bioengineered prod ucts 
ranging from interferon to fuels. 

By cloning a so-called flotation gene 
from cyanobacteria a team of investi­
gators from Pennsylvania State Uni­
versity and the Pasteur Institute in 
Paris has taken a first step toward 
making industrially important but 
normally non buoyant cells float. The 
gene's product is a protein that forms 
minute hollow cylinders called vacu­
oles. The vacuoles fill with whatever 
gas is available in the organism or me­
dium and float the cyanobacterium to 
the surface. 

The team is now cloning the flota­
tion gene in Escherichia coli, the favor­
ite bacterium of biotechnologists. If 
vacuoles are produced in this foreign 
system, says Donald A. Bryant of 
Penn State, the gene may well be ex­
pressed in other cells too. So far E. coli 
harboring the foreign gene have been 
observed to float better, but it has not 
yet been proved that they do so be­
cause normal vacuoles are present. 

Bryant thinks that rather than being 
expressed constantly, as it is in cyano­
bacteria, the flotation gene might be 
placed under the control of an "induc­
ible promoter" when it is introduced 
into a foreign cell. (The lac promoter, 
for example, turns its genes on in the 
presence of the sugar lactose.) Cells 
containing such a gene might be made 
to float at will: they would produce 
vacuoles only after the addition of the 
appropriate chemical inducer. 
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A windmill to pump water for "salt farm­
ing" in India. More efficient wood burning 
stoves for the Sahel. Photovoltaic irrigation 
pumps for the Somali refugee camps. 

All these are solutions to technical prob­
lems in developing countries. Devising 
such solutions is no simple task. To apply 
the most advanced results of modern sci­
ence to the problems of developing areas 
in a form that can be adopted by the people 
requires the skills of the best scientists, 
engineers, farmers, businessmen-people 

'whose jobs may involve creating solid state 
systems or farming 1000 acres, but who 
can also design a solar still appropriate to 
Mauritania or an acacia-fueled methane 
digester for Nicaragua. 

Such are the professionals who volun­
teer their spare time to Volunteers in Tech­
nical Assistance (VITA), a 20 year old pri­
vate, non-profit organization dedicated to 
helping solve development problems for 
people world-wide. 

Four thousand VITA Volunteers from 82 
countries donate their expertise and time 
to respond to the over 2500 inquiries re­
ceived annually. Volunteers also review 
technical documents, assist in writing VITA's 
publications and bulletins, serve on tech­
nical panels, and undertake short-term 
consultancies. 

Past volunteer responses have resulted 
in new designs for solar hot water heaters 
and grain dryers, low-cost housing, the 
windmill shown above and many others. 
Join us in the challenge of developing even 
more innovative technologies for the future. 
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Progress 
• 

Laser Fusion 1n 

Infrared laser beams, converted to shorter wavelengths by optical 
crystals, may heat heavy hydrogen to 100 million degrees Celsius. 
Recent work suggests the technique could lead to useful fusion power 

by R. Stephen Craxton, Robert 1. McCrory and John M. Soures 

I
n the past year four of the world's 

largest laser systems, the NOVA la­
ser at the Lawrence Livermore 

National Laboratory in Berkeley, the 
GEKKO-XII laser at the University of 
Osaka in Japan, the PHEBUS laser at Li­
meil, France, and the OMEGA laser in 
our laboratory at the University of 
Rochester, have come into operation 
at visible and ultraviolet wavelengths. 
At the Los Alamos National Labora­
tory another kind of laser, operating 
at a slightly shorter ultraviolet wave­
length, is under development. Many 
large laser systems play an undisputed 
role in weapons research and develop­
ment. Nevertheless, the lines of scien­
tific investigation opened up by all 
these instruments make it possible to 
be guardedly optimistic about an out­
standing peacetime benefit: the scien­
tific feasibility of harnessing fusion 
power by laser may well be demon­
strated in the next 10 years. 

Major advances in two disciplines 
are primarily responsible for this 
optimism. In optics a phenomenon 
called harmonic-frequency conversion 
has been exploited to generate high­
powered laser beams that have a much 
shorter wavelength than was previous­
ly possible. The advance is significant 
because laser energy can be trans­
ferred to a fusion fuel pellet much 
more efficiently at short wavelengths 
than it can at long wavelengths. 

In computer modeling the simula­
tion of fusion reactions initiated by la­
sers in fuel pellets has become increas­
ingly detailed and realistic. Simula­
tions now make it possible to specify 
quite accurately the characteristics of 
fuel pellets and incident laser beams 
that are needed to generate economi­
cally viable fusion power. Moreover, 
remarkable instrumentation can now 
trace the evolution of the fusion reac­
tions to within a hundredth of a nano­
second. (A nanosecond is a billionth of 
a second.) 

The controlled release of the energy 
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derived from the fusion of atomic nu­
clei has been one of the fondest hopes 
of science since the potential benefits 
of the process were recognized and 
serious work on it was begun nearly 
40 years ago. It is well known that a 
mixture of deuterium and tritium, the 
heavy isotopes of hydrogen, makes the 
most suitable fuel for fusion. The ba­
sic scientific objective is to heat ions of 
deuterium and tritium to sufficiently 
high temperatures and maintain the 
temperatures long enough to realize a 
net energy gain from the fusion of the 
ions. In each fusion reaction a deuteri­
um ion and a tritium ion give rise to an 
alpha particle, or helium nucleus, and 
a neutron; the total kinetic energy re­
leased, which is shared by the two re­
action products, is 17.6 million elec­
tron volts. 

In the long term, fusion between 
deuterium ions alone could provide a 
practically limitless source of energy, 
since vast quantities of deuterium are 
available from seawater. For example, 
the energy from the fusion of the deu­
terium in a pool of water 100 feet on 
each side and seven feet deep could 
satisfy the electrical energy needs of 
the city of Rochester for a year. 

Laser Fusion 

The best-known scheme for creating 
the conditions needed for fusion has 
been to heat a plasma, a hot, electrical­
ly neutral gas of ions and free elec, 
trons, that is confined by a strong mag­
netic field [see "The Engineering of 
Magnetic Fusion Reactors," by Rob­
ert W. Conn; SCIENTIFIC AMERICAN, 
October, 1983]. In the early 1970's, 
however, workers in the U.S. began 
experiments on a radically different 
method of heating and confining a 
plasma, one that exploits the extraor­
dinary heating potential of the laser 
[see "Fusion by Laser," by Moshe J. 
Lubin and Arthur P. Fraas, SCIENTIF­
IC AMERICAN, June, 197 1, and "Fusion 

Power by Laser Implosion," by John 
L. Emmett, John Nuckolls and Lowell 
Wood, SCIENTIFIC AMERICAN, June, 
1974]. A beam or pulse of laser light is 
split into several smaller beams of 
equal intensity. The split beams are 
amplified in energy and subsequently 
brought back together by a system of 
mirrors and lenses; the beams are 
thereby focused on a small region 
from different directions. A charge of 
deuterium and tritium fuel is encased 
in a spherical shell a few millimeters in 
diameter, made of plastic, glass or 
some other material, and the resulting 
fuel pellet is placed at the intersection 
of the beams; the pellet is thus uni­
formly illuminated. 

The laser pulse almost instantly ion­
izes the atoms in the outermost layer 
of the pellet, but the material inside a 
certain critical radius is opaque to the 
laser energy. Incident energy is conse­
quently absorbed in a dense layer of 
plasma that surrounds the deuterium­
tritium fuel. The heated layer of plas­
ma expands and ablates, or becomes 
explosively torn free, from the rest of 
the pellet; the velocity of the ablated 
plasma is typically 1,000 kilometers 
per second. An equal and opposite 
force accelerates the material inside 
the ablation layer inward, in accor­
dance with Newton's third law, as if it 
were a rocket propelled by the plasma 
escaping all around it. The concentric 
implosive force is sufficient to acceler­
ate the remaining shell to a velocity of 
several hundred kilometers per second 
in a billionth of a second. The radius of 
the fuel is compressed as much as 50 
times, and the resulting high tempera­
ture and high density of the fuel cause 
it to fuse. 

In a working fusion reactor the neu­
trons to which the reaction gives rise 
would escape from the fuel at high ve­
locities and deposit their energy in the 
surrounding reactor chamber. In one 
design a layer within the wall of the re­
actor chamber would hold a fluid such 
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TARGET AREA of the OMEGA laser system, operated in the au­

thors' laboratory at the University of Rochester, is shown in the 

photograph. The system is a neodymium-glass laser converted to a 

shorter wavelength in order to study the properties of fuel pellets 

for laser fusion. The laser first emits a single beam of infrared light 

at a wavelength of one micron. The beam is then amplified and split 

into 24'beams. After further amplification each of the 24 beams is 

passed through a cell holding two crystals of potassium dihydrogen 

phosphate (KDP), where it is converted into an ultraviolet beam at 
three times the input frequency. Mirrors and lenses guide and focus 

• the beams into the target chamber, the complex spherical device at 

the center of the photograph. The target chamber is evacuated, and 

the fuel pellet is suspended at its center; the 24 focused laser beams 

converge on the pellet and deposit their energy there. Instruments 

for monitoring the effects of the laser energy on the pellet can be 

seen protruding from the upper hemisphere of the target chamber. 
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as lithium, which is known as a moder­
ator. The neutrons would collide with 
the fluid and slow down, giving up 
their kinetic energy to the fluid in the 
form of heat. The fluid would circu­
late to a heat exchanger, which would 
then transfer the heat to pressurized, 

circulating steam, and electric power 
would be generated by steam-driven 
turbines in the usual way. The entire 
process is known as laser fusion. 

also drive the compression of a fuel 
pellet. At the Sandia National Labo­
ratories in Albuquerque construction 
has recently been completed 011 an ac­
celerator called PBFA " (Particle Beam 
Fusion Accelerator), which will ener­
gize fuel pellets with beams of high-en-

Although we shall limit our discus­
sion to laser fusion, we should note 
that particle-beam accelerators can 

REFRACTED 
LASER RAY 

ABLATION 
SURFACE 

LASER FUSION takes place in a fuel pellet, typically a small plas­

tic shell about a millimeter in diameter that holds a mixture of deu­

terium and tritium fuel. The shell is irradiated uniformly from 

many directions by overlapping laser beams, and its outer portion is 

vaporized to form a plasma. The laser beams penetrate the plasma 

only up to the critical-density surface and deposit much of their 

energy in its vicinity. One mechanism for the energy absorption, 

called collisional absorption, is particularly effective at short laser 

wavelengths. Electrons oscillating in the electric field of the laser 

heat the plasma through collisions with one another and with ions in 

the plasma. The thermal energy of the heated plasma is then con-
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QUARTER-CRITICAL 
SURFACE 

IMPLODING 
PLASTIC SHELL 

CRITICAL-DENSIT Y  
SURFACE 

ducted inward to the ablation surface, the boundary between the hot 

plasma and the dense shell. The plasma outside the ablation surface 

explodes away from the rest of the shell like the exhaust plume of a 

rocket. The reaction force causes the shell to be driven inward to­

ward the center of the fuel pellet. The implosion compresses the 

fuel into a dense core and heats it; thermonuclear reactions can 

then take place. For long-wavelength lasers a substantial fraction of 

the laser energy is deposited into unwanted, highly energetic supra­

thermal electrons. Such electrons can penetrate the core and heat 

the fuel in the initial stages of the implosion, thereby precluding 

the high compression needed in the core to achieve fusion ignition. 
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ergy lithium ions. The general term for 
all such schemes of generating fusion 
in a pellet by compressing it, whether 
by laser, particle beam or some oth­
er energy source, is "inertial-confine­
ment fusion." 

Frequency-converted Lasers 

Until quite recently lasers powerful 
enough to drive fusion reactions had 
been built only for emission wave­
lengths in the infrared. Most of the ex­
perimental work to develop laser fu­
sion has been conducted with two 
kinds of infrared laser: the solid-state, 
neodymium-doped glass laser, whose 
wavelength is one micron, and the car­
bon dioxide gas laser, whose wave­
length is 10 microns. By the end of the 
1970's, however, extensive experi­
ments and elaborate computer simula­
tions had identified a fundamental dif­
ficulty. For lasers emitting at the in­
tensities needed for fusion and at 
wavelengths of one micron or longer, 
less than half of the laser energy is ab­
sorbed by the fuel pellet. Furthermore, 
of the energy that is absorbed a sub­
stantial fraction gets carried away by 
so-called suprathermal electrons. Such 
electrons pass freely through the fuel 
pellet and heat the fuel before it can be 
compressed. The premature heating 
precludes achieving the high densities 
needed for fusion. 

Investigators quickly realized that 
the unwanted preheating of the fuel 
might be avoided if high-power lasers 
having wavelengths shorter than the 
infrared could be built. The apparent 
impasse posed by the unavailability 
of such lasers was sidestepped by an 
interesting optical trick. By carefully 
growing perfect crystals and then cut­
ting each one at a precisely calculated 
angle with respect to the orientation of 
its crystal lattice, devices can be made 
that generate the higher harmonics of 
the incident beam. The frequency of 
the harmonics is two, three or a high­
er integer times the frequency of the 
input wave, depending on the number 
of crystals employed and their orien­
tation within each device; the wave­
length of the corresponding higher­
harmonic beams is shortened by the 
same integral factor. 

For example, if long-wavelength in­
frared laser light is passed through one 
crystal, a large fraction of the light 
energy can emerge as shorter-wave­
length green light at twice the frequen­
cy of the input. If the green light and 
the residual infrared light from the 
first crystal are passed through a sec­
ond crystal, they can be combined into 
a beam of even shorter-wavelength ul­
traviolet light with three times the fre-
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ABSORPTION EXPERIMENTS at different laser wavelengths show that the energy ab­
sorbed by a fuel pellet increases significantly as the wavelength of the laser decreases to 

less than one micron. The effect is particularly strong in the intensity range of 10" to 10" 

watts per square centimeter, which is the range required for generating fusion in a reactor 

with laser irradiation. For such wavelengths the high absorption at low intensity and the 

decline in absorption at higher intensities are characteristic of collisional absorption, which 

leads to the desired heating of the plasma surrounding the pellet. The fraction of the inci­

dent energy absorbed by unwanted suprathermal electrons increases with laser wavelength. 

quency (a third of the wavelength) of 
the original infrared beam. 

In one experiment at the Ecole Pol­
ytechnique in France a one-micron 
beam from a neodymium-glass laser 
was passed through two crystals of po­
tassium dihydrogen phosphate (KDP) 
in succession; the wavelength of the 
beam was reduced by a factor of two 
in each crystal, and the total reduction 
was therefore a factor of four. A target 
pellet absorbed almost all the energy 
of the frequency-converted beam, and 
supra thermal electrons were not de­
tected. In such early experiments only 
a small part of the incident light was 
converted into light of higher frequen­
cy, but the results were still very en­
couraging. Investigators began direct­
ing greater attention to the physics of 
harmonic-frequency conversion and 
to methods for improving the conver­
sion efficiency of existing neodymi­
um-glass lasers. 

Temperature and Density 

To appreciate the need for the ex­
traordinary scientific efforts being de­
voted to frequency conversion and 
other aspects of laser-fusion technolo­
gy one must understand the physical 
environment required if laser fusion is 
to generate economically useful ener­
gy. The temperature of the fuel in each 
pellet must reach almost 100 million 
degrees Celsius, several times the tem-

perature at the center of the sun. Si­
multaneously the fuel must be com­
pressed to a density typical of what is 
found in the center of the sun: more 
than 1,000 times its ordinary solid or 
liquid density of .2 gram per cubic cen­
timeter. The pressures corresponding 
to such a temperature and density are 
immense; indeed, pressures on the 
order of several billion atmospheres 
have already been generated in laser­
driven implosions. Furthermore, mac­
roscopic quantities of fuel must be 
brought to such conditions. The cre­
ation of such an environment not only 
would have immediate application to 
fusion power but also would open the 
possibility of doing experiments of di­
rect relevance to astrophysics in the 
terrestrial laboratory. 

The need to heat fusion fuels derives 
from the basic energetics of nuclear in­
teractions. At a very short range the 
protons and neutrons that make up 
atomic nuclei are attracted to one 
another by the strong nuclear force. 
Many systems of nuclei can therefore 
increase their binding energy if the nu­
clei fuse. The total mass of the reac­
tion products is slightly less than the 
sum of the masses of the fusing nuclei. 
Thus, in accord with Einstein'S equiva­
lence between energy and mass, the 
mass lost in the reaction is converted 
into energy, which shows up as the ki­
netic energy of the reaction products. 

There is an important energy barrier 
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to this path for reducing potential en­
ergy. At temperatures less than about 
10 million degrees C. the mutual elec­
trostatic repulsion of the positively 
charged protons in the nuclei keeps the 
nuclei from coming close enough to 
"feel" the attraction of the strong 
force. Only within a distance of about 
2 X 10-13 centimeter-comparable to 
the radius of the nucleus itself-does 
the strong force become dominant. To 
approach within this range two nuclei 
must be brought together with consid­
erable kinetic energy; in other words, 
their temperature must be raised sub­
stantially. An important reason for the 
selection of deuterium and tritium 
ions as fusion fuels is that each ion car­
ries only one positive charge, and that 
small charge minimizes the mutual re­
pulsion of the fuels. 

High compression is not a theoreti­
cal prerequisite for fusion, but it en­
hances the efficiency of the fusion re-
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actions, and it is essential in a practical 
reactor design. The laser input energy 
needed to fuse deuterium and tritium 
efficiently at ordinary densities is well 
beyond the capacity of present laser 
technology. When the fuel in the pellet 
reaches its peak compression, the ki­
netic energy of the imploding material 
is converted into heat, and the confine­
ment of that heat to the small com­
pressed region raises the temperature 
of the fuel. Thermonuclear burning 
begins in a small "spark plug" region 
at the center of the fuel. Four-fifths 
of the energy released by the burn­
ing emerges as the kinetic energy of 
neutrons, which pass through the sur­
rounding plasma and deposit their en­
ergy into a fluid circulating in the reac­
tor chamber or into a moderator in the 
reactor wall. 

The other 20 percent of the energy 
released by the fusion reactions is car­
ried away by alpha particles. Because 
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they are charged particles, they are 
slowed by the fuel much mqre effec­
tively than the neutrons are. They col­
lide with the surrounding fuel and give 
up their kinetic energy over a distance 
inversely proportional to the fuel den­
sity. A sizable fraction of the fusion 
energy can thus be deposited in the 
cooler layers of the compressed fuel if 
the fuel is dense enough and its radius 
is large enough to stop the alpha parti­
cles. Such partial absorption of the fu­
sion energy in the fuel is critical to the 
efficient propagation of thermonucle­
ar burning; it is called bootstrap heat­
ing. When the energy deposited in the 
fuel by the alpha particles exceeds the 
energy needed to compress the fuel, 
the pellet is said to have ignited. If the 
attainable value of the compressed 
fuel density is known, the core radius, 
the fuel mass and the laser energy 
needed for ignition can all be deter­
mined. Achieving ignition would be a 
milestone in demonstrating the scien­
tific feasibility of laser fusion. 

There is a small price to be paid for 
high compression: soon after fusion 
begins it must cease because the high 
internal pressure of the compressed 
fuel causes it to fly apart. The higher 
the compression is, the faster the fuel 
disassembles. Nevertheless, the high 
reaction rate at high compression 
more than compensates for the limit­
ed burning time. For example, other 
things being held constant, a tenfold 
compression of the radius of the fuel 
increases the reaction rate by a factor 
of 1,000, whereas the duration of the 
burning is reduced by a factor of only 
10. It should be noted that in magnet­
ic fusion devices the density of the fuel 
is 10 billion times lower than it is in 
the burning core of the pellet. The de­
sign must compensate for the low den­
sity by confining the fuel for 10 bil­
lion times as long. 

Collisional Energy Absorption 

Given the need for high temperature 
and high density of the fuel, which of 
the many physical processes relevant 
to laser fusion are the most important 
to understand and control? It turns out 
that the most critical processes depend 
on details of the interaction of the la­
ser light with the plasma corona, or at­
mosphere, surrounding the fuel pellet. 
For example, the transfer of energy 
from the laser to the ablation layer be­
gins in the corona. Furthermore, the 
degree to which the fuel is preheated 
by suprathermal electrons, prior to the 
implosion, is intimately related to the 
plasma physics of the corona. 

. 

After the first incident laser irradia­
tion ionizes the outer surface of the 
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pellet, the resulting plasma corona be­
gins to expand outward. The corona is 
dense near the surface of the pellet 
and becomes rarefied at larger radii. 
The rapidly oscillating electric field 
of the subsequent incoming laser light 
causes rapid oscillations of the light­
est charged particles in the plasma, 
namely the electrons. A current is 
therefore set up in the plasma, oscil­
lating at the frequency of the driving 
electric field and proportional to the 
density of the electrons in the plasma. 

In the rarefied outer regions of the 
corona the current is small, but in ·the 
inner regions, where the electron den­
sity is greater, the current becomes 
larger. At what is called the critical ra­
dius the current becomes large enough 
to shield the plasma at smaller radii 
from further penetration of the incom­
ing electric field. The oscillating elec­
tric current acts as an antenna that 
broadcasts a second, outgoing electro­
magnetic wave, equal in frequency to 
the incoming wave but carrying en­
ergy away from the target. The elec­
tron density at the depth of maximum 
penetration of the incoming wave is 
called the critical density, and it is in­
versely proportional to the square of 
the laser wavelength. For example, a 
threefold reduction of the laser wave­
length would give rise to a ninefold 
increase in the critical density. 

Much of the absorption of the laser 
energy takes place in the vicinity of the 
critical-density surface. The oscillat­
ing electrons collide with ions in the 
plasma as well as with one another, 
thereby transferring part of their ener­
gy to the plasma as the energy of ran­
dom motion, or heat. This mechanism 
for energy transfer is more efficient 
for a short-wavelength laser than it is 
for a long-wavelength laser, since the 
short-wavelength beam can penetrate 
to higher electron densities where col­
lisions are more frequent. The heat en­
ergy is conducted inward to the abla­
tion surface, the boundary between the 
exploding and imploding regions of 
the pellet. Collisional absorption ac­
counts for virtually all the absorbed 
energy that contributes to the implo­
sive compression of the pellet. 

Suprathermal Electrons 

There are several other mechanisms 
for laser-energy absorption that do not 
contribute to the heating or compres­
sion of the fuel but must be under­
stood because they give rise to un­
wanted suprathermal electrons. As the 
name implies, the energy of a supra­
thermal electron is significantly higher 
than the average energy of the thermal 
electrons in the plasma. Such excess 

z 
OPTIC AXIS 

DIRECTION 
OF LASER 
PROPAGATION 

PHASE-MATCHING ANGLE 
FOR FREQUENCY TRIPLING 

PHASE-MATCHING ANGLE 
FOR FREQUENCY DOUBLING 

x 

ORIENTATION OF DISK SLICE with respect to the crystallographic axes is determined 

by a simple geometric construction. The red arcs represent the input frequency of the infra­

red laser, and the green and blue arcs respectively represent the second and third harmonic 

frequencies. The refractive indexes of the 0 waves vary with wavelength but not with a 

change in the orientation of the slice with respect to the z axis. Hence the refractive index 

of the infrared 0 wave is shown as a red circular are, and the indexes of the green and 

ultraviolet 0 waves are shown as green and blue circular arcs. The refractive indexes of the 

infrared, green and ultraviolet e waves do vary with the angle the slice makes with the z 
axis; the variations are plotted as red, green and blue broken elliptical arcs. The propaga­

tion direction for frequency doubling must be chosen in such a way that the refractive index 

of the green e wave is equal to the average of the refractive indexes of the infrared 0 and e 
waves. For frequency tripling the refractive index of the ultraviolet e wave must equal one­

third of the index of the infrared e wave plus two-thirds of the index of the green 0 wave. 

energy can be acquired only if the elec­
tron is accelerated by a large electric 
field for a sufficient time. The electric 
field of the laser, although intense, 
changes direction so often that the ve­
locity of the electrons oscillating in the 
field is relatively small. Hence in most 
experimental conditions the electric 
field of the laser does not lead directly 
to suprathermal electrons. 

Large electric fields can nonetheless 
arise in waves known as plasmons, 
which travel through the plasma. Plas­
mons are somewhat like sound waves 
in that they propagate as compressions 
and rarefactions of particles in the di­
rection of the wave motion. Unlike 
sound waves, however, plasmons do 
not affect all the particles in the medi­
um: the ions in the plasma are station­
ary and only the electrons move. Re­
gions of net positive charge are there­
by created in the rarefied electronic 
regions, and regions of net negative 
charge are created in the compressed 

regions. A large electric field is formed 
between a rarefied region and a com­
pressed region, and there is a strong at­
tractive force between the two. 

Electrons that happen to be moving 
in the same direction as the plasmon 
and at roughly the same speed become 
trapped in the plasmon somewhat like 
a surfer riding a wave. Since they 
move with the same speed as the wave, 
they experience its electric field as a 
nonoscillating field. The field acceler­
ates them to suprathermal velocities, 
which enable them to escape the plas­
ma layer before collisions can slow 
them down. 

Plasmons can be generated in many 
ways. One important mechanism is 
called resonance absorption. As a laser 
ray penetrates the plasma, much of the 
energy of its oscillating electric field 
is given up to surrounding electrons. 
Near the critical-density surface, how­
ever, the natural oscillating frequency 
of plasmons equals the laser frequen-
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ROCHESTER FREQUENCY-TRIPLING SCHEME (top) em­

ploys two crystals whose 0 and e axes are mutually perpendicular. 

The incident infrared laser beam is polarized at an angle of 35 de­

grees to the 0 axis of the first crystal. This ensures that two-thirds 

of the photons incident on the first crystal are aligned with its 0 
axis and one-third are aligned with its e axis. One 0 photon com­

bines with an e photon to give an e photon at the second harmonic 

(greell), or at twice the frequency of the incident light. The green e 
photon combines in turn in the tripler crystal with the remaining 

infrared photon to give one ultraviolet photon at the third harmonic 

(blue). In the authors' laboratory the technique has been shown to 
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be 80 percent efficient, and it is now employed in the NOV A laser at 

the Lawrence Livermore National Laboratory. A simple reorienta­

tion of the two crystals (bottom) also makes it possible to generate 

the second harmonic in the NOV A laser with improved efficiency. 

The input beam is polarized in such a way that the numbers of 

infrared 0 and e photons are equal. The doubling process is less than 

100 percent efficient, and some residual infrared photons remain 

unconverted after passing through the first crystal. When the sec­

ond crystal is tilted through a small angle from its position for fre­

quency tripling, it becomes a doubling crystal, and residual infra­

red photons have a second opportunity to be converted to green. 

cy. The energy that reaches this depth 
in the plasma can drive plasmons res­
onantly to large amplitudes, much as 
a child on a swing can go progressive­
ly higher by pumping in synchrony 
with the swing's natural motion. The 
energy that is pumped into resonantly 
driven plasmons is eventually released 
as the kinetic energy of supra thermal 
electrons. 

There are two further important 
mechanisms whereby plasmons can 
form and generate suprathermal elec­
trons. Although both mechanisms ap­
pear to be less significant causes of 
preheating than resonance absorption, 
it is worthwhile to explain them brief­
ly. Both of them arise out of a phe­
nomenon called three-wave mixing, 
which also plays a major role in har-

monic-frequency conversion. In three­
wave mixing two waves can interact 
through the matter in a plasma or a 
crystalline solid to produce a third 
wave. In general the mixing is stron­
gest when the amplitudes of the inter­
acting waves are large. The frequency 
of the third wave equals the sum of the 
frequencies of the two input waves. 
The direction of the process is also re-

X-RAY IMAGES can determine the uniformity of laser irradiation 

on a fuel pellet. The color-enhanced image at the left shows the X­

ray emission when all 24 beams of the ultraviolet OMEGA laser are 

focused onto small areas of the pellet. Such illumination does not 

lead to symmetric compression, but it is useful for testing the point­

ing and focusing of the laser beams. The other images are from 
imploding pellets irradiated with overlapping beams. In the middle 
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is a large pellet with a thin glass shell and at the right is a smaller 

pellet with a thick glass shell; both pellets are filled with deuterium 

and tritium gas. The red parts of each image are the regions of 

highest X-ray emission from the compressed part of the shell. The 

thick shell maintains the fuel at a lower temperature than the thin 
shell does, and it also generates a higher compression of the fuel. 

The X-ray emission extends just beyond the initial pellet surface. 
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versible: from a "product" wave two 
new "factor" waves can emerge. 

The first mechanism for the forma­
tion of plasmons is known as the two­
plasmon instability. Here the laser 
beam functions as the product wave, 
and it splits into two plasmons, which 
function as the two factor waves. The 
freq uency of each plasmon is half 
the frequency of the incoming beam. 
Since the critical density of the plasma 
electrons varies inversely with the 
square of the input wavelength, the 
two plasmons are driven resonantly 
when the electron density in the plas­
ma is a quarter of the critical density 
for the input laser. Hence the two-plas­
mon instability arises near the so­
called quarter-critical surface [see il­
lustration on page 70]. 

The second mechanism for plasmon 
formation is called Raman scattering; 
again the laser beam is the product 
wave, and its factor waves are a plas­
mon and a reflected light wave. Ra­
man scattering can take place at the 
quarter-critical surface and in more 
rarefied regions of the plasma. The 
plasmons created by the two-plasmon 
instability and by Raman scattering 
generate suprathermal electrons in 
much the same way as they do in reso­
nance absorption. 

When the first supra thermal elec­
trons escape from the corona, they 
leave a net positive charge on the pel­
let. The charge attracts later, outward­
moving suprathermal electrons back 
toward the pellet, whereupon they 
overshoot their original positions and 
pass on into the pellet core. Some of 
the most energetic electrons may oscil­
late several times through the pellet 
before collisions with the fuel finally 
slow them; the transfer of collisional 
energy to the fuel preheats the fuel. 
The attractive electrostatic force be­
tween the supra thermal electrons and 
the ions in the corona can also lead to 
the outward acceleration of highly en­
ergetic ions. The loss of energetic ions 
from the ablation layer also drains 
away laser energy that might other­
wise drive the implosion. 

Experiments show that for the range 
of beam intensities relevant to laser 
fusion-generally from 1014  to 1015 
watts per square centimeter-colli­
sions are weak at infrared wavelengths 
and resonance absorption is dominant. 
For wavelengths shorter than .5 mi­
cron, however, a variety of experimen­
tal results suggest that collisional ab­
sorption is the most important absorp­
tion mechanism. Moreover, at such 
wavelengths neither the two-plasmon 
instability nor Raman scattering have 
been found to preheat the fuel signifi­
cantly, although further experimental 

tests of these effects are needed for the 
larger pellets req uired in a commercial 
laser-fusion reactor. Thus empirical 
study to date has confirmed the signifi­
cant advantages of short-wavelength 
lasers for fusion. 

Frequency-Conversion Crystals 

The desire to investigate how la­
ser energy at submicron wavelengths 
can be exploited to compress fuel pel­
lets has led to the recent interest in 

frequency-converted lasers. Since fre­
quency conversion can readily shorten 
the wavelength of a laser to a half or a 
third of its ordinary emission value, 
the wavelength range of interest is ex­
perimentally accessible with existing 
neodymium-glass lasers. 

Optical frequency conversion may 
become less critical as new kinds of la­
sers appear. For example, the krypton­
fluoride laser, a gas laser under devel­
opment at the Los Alamos National 
Laboratory and elsewhere, can also 
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IMPLOSION HISTORY of a spherical, 

glass fuel pellet uniformly illuminated by 

the OMEGA laser is captured in this color­

enhanced photograph. An X-ray pinhole 

camera forms an image of the pellet similar 

to the ones in the bottom illustration on the 

opposite page, and a mask with a slit is 

placed over the X-ray image (left). A streak 

camera then displaces the part of the image 

seen through the slit a distance to the right 

that is proportional to the time elapsed dur­

ing the implosion. The resultant image (up­
per image) thus portrays the implosion in 

both space and time. Soon after the laser 
begins illuminating the pellet, X rays are 

emitted from the plasma near its initial sur­

face. As the pellet is compressed the region 

emitting X rays moves closer to its center, 
until a bright flash of X rays is visible at 

peak compression, about one nanosecond af­
ter the implosion begins. The speed of the 

imploding shell is about 200 miles a second. 
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deliver the high energies needed for fu­
sion implosion; its emission wave­
length is only .25 micron. Yet although 
the krypton-fluoride laser is widely· 
considered to be a promising candi­
date for a reactor laser, questions re­
lated to the efficiency with which it 
can deliver the short pulses of ener­
gy needed in a reactor are still under 
study. The neodymium-glass laser re­
mains the major research tool for 
the study of short-wavelength, laser­
fusion implosions. 

Many kinds of crystal have been in­
corporated into small laser systems for 
converting laser light to its higher har­
monic frequencies. The crystal KDP, 
however, is the only one that has so far 
been grown large enough for current 
work. KDP crystals are grown from 
solution at a rate of only a few centi­
meters per month. The largest avail­
able crystals of acceptable quality are 
more than 30 centimeters in diameter 
and take as long as a year to grow. Cir­
cular slices about one centimeter thick 
are cut from the crystal, polished and 
mounted in the path of a laser beam. 

One crystal can generate the second 
harmonic, a wave at twice the frequen-

cy of the fundamental beam. A second 
crystal mounted in the path of the first 
output beam can then mix the generat­
ed second harmonic with the residual 
fundamental to produce the third har­
monic [see top illustration on page 74], 
or the crystal can generate the fourth 
harmonic by a second doubling proc­
ess. In principle there is no upper limit 
to the frequency that could be generat-I 
ed by successive stages of doubling, 
but unfortunately suitable crystals 
transparent to wavelengths shorter 
than .2 micron are not available. 

Harmonic Generation 

The capacity of some crystals to 
generate higher harmonic frequencies 
of a laser beam was discovered soon 
after the invention of the laser. Investi­
gators at the University of Michigan 
found that a laser beam focused into a 
crystal of quartz emerged from the 
crystal with some light at the second­
harmonic frequency. As we mentioned 
above, the phenomenon is an example 
of three-wave mixing; in this case two 
components of the input laser beam 
make up the two factor waves, and the 

higher-harmonic output is the product 
wave. The two components of the in­
put beam arise as the beam enters the 
crystal because of asymmetries in the 
alignment of the atoms that make up 
the crystal lattice. 

When the oscillating electric field of 
the laser enters the crystal, it displaces 
electrons from their equilibrium loca­
tions, just as it does in the corona of 
the fuel pellet. In a KDP crystal the 
electrons are harder to displace along 
a preferred axis called the optic axis, 
or z axis, than they are along any direc­
tion lying in the x-y plane perpendicu­
lar to the z axis. The crystal is "stiffer" 
to the force of the electric field along 
the optic axis, and the electromagnetic 
wave whose electric field is aligned 
with the optic axis propagates the fast­
est through the crystal. 

Imagine that the crystal is cut so that 
its face makes an obliq ue angle to the z 
axis, and suppose a light ray strikes the 
crystal at a right angle to its face [see 
illustration on page 72]. The electric 
field of the ray, which then oscillates 
parallel to the face of the crystal, has 
two mutually perpendicular compo­
nents. The first component, which lies 

BEAM SPLITTING, amplification and frequency tripling of the 

OMEGA laser are carried out in the large room shown. The bright 

areas on the far wall (160 feet from the camera) are caused by flash 

lamps that energize the laser amplifiers. The laser beams are infra­

red, and so they are invisible. They are converted into invisible ul­

traviolet light by crystals in the six boxlike modules. The visible 

light emerging from some of the modules comes from heat lamps, 

switched on intermittently to keep the crystals at a constant tem­

perature. Residual green light from the conversion causes the green 

glow. The beams emerge from the modules in groups of four, and 

their energy is measured. Subsequently the beams are reflected by 

the mirrors visible in the foreground into the adjacent target area. 
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in the x-y plane and is parallel to one 
of the crystal axes (by convention the y 
axis), is called the ordinary, or 0, ray. 
Because it has no component in the 
z direction, it propagates relatively 
slowly through the crystal. The second 
component of the incident ray is per­
pendicular to the first one in the plane 
of the crystal face. This second com­
ponent is called the extraordinary, or e, 
ray, and it does have a component in 
the z direction. Because of its z com­
ponent, which depends on the orienta­
tion of the crystal face with respect to 
the z axis, the e component of the inci­
dent beam moves through the crystal 
faster than the 0 component. 

When high-intensity laser light trav­
els through a crystal, the electrons dis­
placed by the electric wave tend to feel 
a restoring force that is neither in the 
same direction as their displacement 
nor proportional to it. It is the nonlin­
ear, or nonproportional, response of 
the electrons to the e and 0 compo­
nents of the electric field that gives rise 
to a so-called nonlinear current wave. 
The current wave is made up of elec­
trons oscillating in the x-z plane at 
twice the frequency of the input laser 
beam, and it moves through the crystal 
at a velocity equal to the average ve­
locity of the e and 0 components of the 
input laser. More precisely, the refrac­
tive index of the current wave is the av­
erage of the refractive indexes of the e 
and 0 components. 

The current wave of oscillating elec­
trons generates a wave of laser light 
at the second harmonic of the laser 
beam, just as oscillating electrons in 
an antenna generate radio waves. The 
second-harmonic light wave can be 
generated efficiently, however, only if 
it propagates at the same velocity as 
the current wave: it must "surf," or be 
in phase with, the current wave. Be­
cause the second-harmonic wave is an 
e wave, its velocity and therefore its re­
fractive index vary with the angle be­
tween its direction of propagation and 
the optic axis. Hence the velocity of 
the second harmonic can be matched 
with the velocity of the current wave 
by cutting the crystal in such a way 
that the direction of propagation of 
the laser through the crystal makes a 
predetermined angle with the optic 
axis [see illustration on page 73]. 

Attaining High Compression 

Two more features of laser-fusion 
design, complementary to the require­
ment for a short-wavelength input 
beam, are crucial for reaching high 
fuel compressions in the pellet. They 
are the uniformity of the illumination 
and absorption of the incident laser 
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beams and the hydrodynamic stability 
of the imploding pellet. 

The uniformity of the illumination 
and absorption is important for purely 
geometric reasons. If the radius of the 
compressed shell is to be decreased by 
a factor of 30, the implosion velocity 
must be uniform over the surface of 
the shell to within about one part in 60. 
That requirement limits the allowable 
fluctuations of the laser irradiation in­
tensity to one or two parts in 100 over 
the surface of the pellet. 

How many beams are needed, and 
how should they be arranged around 
the pellet? For laser systems employ­
ing four, six, eight, 12 or 20 beams, 
each beam can be positioned as if it 
were at the center of a face of one of 
the five Platonic solids (tetrahedron, 
cube, octahedron, dodecahedron or 
icosahedron) and directed perpendicu­
lar to the face. The beams are then dis­
posed symmetrically around the pellet 
if it is placed at the center of the Pla­
tonic solid. The frequency-doubled 
VULCAN laser at the Rutherford Apple­
ton Laboratory in England, and the 
GEKKO-XII laser in Osaka both employ 
a dodecahedral geometry. When the 
number of beams is greater than 20, or 
in other words greater than the num­
ber of faces in the regular icosahedron, 
suitable geometric configurations that 
maximize the uniformity of the illu­
mination can be calculated. For exam­
ple, a 32-beam system can be based on 
the configuration of the 32 pentagonal 
and hexagonal faces of a soccer ball. 

Symmetric placement of the sur-

rounding beams does not guarantee 
uniform irradiation of the pellet, how­
ever: not all points on a hemisphere of 
the 'pellet are equally irradiated by 
a given beam. The attainable irradia­
tion uniformity increases as the num­
ber of beams is increased, although 
the complexity of the laser system 
also increases. The number of beams 
is therefore a trade-off between uni­
formity and complexity. The 32-beam 
sys-tem appears to be an attractive 
compromise. 

The optical quality of each beam 
and the balance of energy among the 
beams are also important to the uni­
formity of irradiation. In our labora­
tory we have put much emphasis on 
generating laser beams with a uniform 
cross section, and we have been able to 
reduce the intensity variations across 
the profile of a beam to less than 10 
percent. Other methods of enhancing 
the illumination uniformity have been 
proposed by workers in Osaka. and 
at the Naval Research Laboratory in 
Washington. In both methods optical 
systems near the focusing lens frag­
ment each beam that is split from the 
master beam into many-say 400-
smaller beamlets. Each beamlet is giv­
en a random phase, and each spreads 
its energy over a full hemisphere of the 
pellet. Any spatial non uniformities in 
any of the beams at the focusing lens 
are then averaged out over the pellet 
surface. Initial results from both labo­
ratories show that the methods im­
prove the uniformity of irradiation. 

Another major goal in the study of 
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laser fusion is to understand and con­
trol hydrodynamic instabilities of the 
fuel pellet. When the imploding shell is 
decelerating just before the peak com- . 
pression of the fuel, the dense fluid 
of the plasma shell can fall in spikes 
and mix with the deuterium and trit-

ium fuel. At the same time the fuel 
can rise through the dense plasma in 
bubbles. The instability is similar to a 
phenomenon of incompressible fluids 
called the Rayleigh-Taylor instability, 
in which a dense fluid falls through a 
light one. It can be triggered by non-

uniformities of irradiation or by im­
perfections in the shape or composi­
tion of the pellet, particularly when 
such imperfections are small. The ab­
lation surface outside the fuel lay­
er can also become hydrodynamically 
unstable as the implosion accelerates. 
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COMPUTER SIMULATION of the implosion of a fuel pellet de­

signed for a reactor illustrates the effect of irradiation nonuniformi­

ties on pellet performance. The non uniformities are assumed to be 

symmetric for rotations about the north-south axis of the pellet. 

They are characterized by the number of maximums of irradiation 

intensity encountered around the great circle represented by a line 

of longitude on the pellet. The pellet is a plastic shell with a layer of 

cold, liquid deuterium and tritium fuel on its inner surface and a 

small amount of deuterium and tritium gas inside. When the gas is 

compressed, it forms a so-called spark. plug region in which thermo­

nuclear reactions are ignited. An irradiation non uniformity of 1 
percent is imposed in the simulation. The illustration shows the 
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compressed core just before ignition; darker regions correspond to 

higher densities. The grid lines indicate the resolution with which 

the evolution of the pellet implosion was calculated. The boundary 

between the main fuel and the gas, which was the inner layer of the 

shell before the compression, is shown as a white contour line. Most 

of the material shown is compressed to a density of between 100 
and 500 grams per cubic centimeter, or from 500 to 2,500 times its 

liquid density. The calculation was done with the program ORCHID, 
written by Charles P. Verdon of the University of Rochester; it 

required tens of hours on a CRA Y X-MP, one of the world's fastest 

supercomputers. In spite of the nonuniform compression the fusion 

yield in the simulation was nearly 100 times the laser-energy input. 
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That instability can lead to a breakup 
of the shell, a mixing of the fuel and 
the shell and a smaller peak compres­
sion. Ultimately such effects eliminate 
or reduce the thermonuclear yield. 

One-dimensional spherically sym­
metric simulations show that the high­
est compressions can be obtained for 
pellets whose shells are thin compared 
with their radii. Hydrodynamic insta­
bility, however, is potentially most 
dangerous for pellets with thin shells. 
A realistic pellet design must therefore 
represent a trade-off between the de­
sirability of relatively thin shells and 
the constraints imposed by uniformity 
and stability considerations. It seems 
desirable to ensure that the shell nev­
er becomes thinner than a few percent 
of the radius of the pellet throughout 
the implosion. 

Two designs currently assume ma­
jor importance. The shell in our simu­
lation is made out of plastic, and it 
contains an inner, cryogenic layer of 
liquefied deuterium and tritium. The 
shell interior is filled with low-density 
deuterium and tritium gas at the vapor 
pressure of the cryogenic liquid. The 
use of plastics made out of elements of 
low atomic number reduces the emis­
sion of radiation from the plasma co­
rona, which could preheat the fuel. 
Since the cryogenic pellet is essentially 
empty, the shell is free to accelerate in­
ward until the final moments when its 
kinetic energy is converted into heat. 

An important alternate pellet de­
sign, which we can mention only brief­
ly, exploits the response of materials 
of high atomic number to laser irradia­
tion. The fuel pellet is placed inside a 
so-called radiation case made out of a 
material such as gold. When the interi­
or of the gold case is irradiated by the 
laser, a large fraction of the incident 
energy is transformed into X rays. The 
X rays then irradiate the pellet and 
cause it to implode in a highly uniform 
way. Since the laser beams do not irra­
diate the pellet directly as they do in 
the first design, this alternate scheme is 
called indirect drive. 

Computer Simulations 

We shall conclude by describing 
computer simulations of a fuel pellet 
that might be considered for a com­
mercial reactor, irradiated by a kryp­
ton-fluoride laser whose energy is 1.6 
million joules and whose wavelength 
is a quarter of a micron. (A joule is the 
energy needed to lift one kilogram 
approximately 10 centimeters.) In our 
simulations the laser energy is deposit­
ed with an average power of 3 X 1014  
watts in a pulse whose intensity in­
creases steadily for five to 10 nanosec­
onds. The intensity of the pulse is kept 

low enough to avoid generating signif­
icant numbers of suprathermal elec­
trons in the plasma corona. 

One important measure of the re­
sponse of the pellet to the laser is 
called the spark-plug convergence ra­
tio, the ratio of the initial radius of the 
spark-plug material to its final radius. 
To maintain the stability of the pellet 
the ratio should not be too high; we 
aim for a ratio of about 50. In our 
models we then impose nonuniformi­
ties from point to point in the laser il­
lumination of the pellet. As the inter­
face between the shell and the fuel 
decelerates near the time of peak 
compression, pressure variations and 
the growth of hydrodynamic instabil­
ities cause the density contours to fol­
Iow a complex pattern around the core 
[see illustration on oppOsite page]. 

The alpha particles emitted by ther­
monuclear burning in the spark-plug 
region begin to deposit their energy 
in the main fuel layer. When the prod­
uct of the density and the radius of 
the spark-plug region rises to values 
large enough to stop most of the al­
pha particles, thermonuclear igni­
tion is achieved. The temperature in 
the spark-plug region reaches approx­
imately 100 million degrees C.; the 
temperature of the main fuel layer is 
about 30 million degrees. The ther­
monuclear burn propagates radially 
outward into the main fuel layer, the 
temperature profile becomes smooth­
er and the burn becomes nearly spheri­
cal as the main fuel is consumed. The 
pellet then disassembles and the ther­
monuclear fire goes out. 

According to our simulations, which 
have considered a variety of irradia­
tion nonuniformities, the thermonu­
clear energy output is typically 100 
times the energy input of the laser. 
These results inspire renewed confi­
dence in the feasibility of laser fusion. 
A power plant capable of generating 
almost a billion watts might be feasi­
ble if 10 such fuel pellets were ignited 
every second and if the overall effi­
ciency of the laser were approximately 
15 percent. On the basis of these calcu­
lations we expect that a laser emitting 
more than 1.6 million joules of energy 
but less than 10 million joules would 
be appropriate for a reactor. 

In summary, considerable progress 
has been made in understanding the 
physics of laser fusion, and the need 
for short wavelengths is now firmly es­
tablished. The results of the next dec­
ade of experimentation should resolve 
the basic scientific question for laser 
fusion: Can ignition be achieved? An 
affirmative answer would bring the 
promise of abundant fusion energy for 
the 2 1st century one important step 
closer to its practical realization. 
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The Origin of Corn 
Modern corn, the author argues, had not one ancestor but two: it is 

derived from a cross between a primitive corn and a perennial form 

of the wild grass teosinte. Breeding experiments support the theory 

T
here has always been a central 
mystery about corn: where and 
when did it arise, and-most 

important-from what? Corn as we 
know it is a thoroughly domesticated 
plant. It is the most efficient of all 
grasses at producing grain, but it is un­
able to survive without human help 
because it has no way of spreading its 
seed. The kernels on an ear of corn 
cling tightly to the rigid cob, and if the 
ear were simply allowed to drop to the 
ground, so many competing seedlings 
would emerge that in all likelihood 
none would grow to maturity. The ear 
in its hundreds of modern varieties 
was created by human beings for hu­
man purposes through centuries of se­
lective breeding; it has no counterpart 
anywhere in the wild, or for that mat­
ter among other cultivated plants. Yet 
corn must originally have evolved 
from a wild plant. Which plant? The 
question has puzzled botanists and an­
thropologists for more than a century. 
I myself have devoted much of my 
time to it for nearly 50 years. 

During that period there have been 
two main theories on the mystery of 
corn's origin. The older and still the 
more widely accepted theory holds 
that cultivated corn is descended from 
its closest living relative: annual teo­
sinte, a wild grass found in Mexico and 
Central America. In 1939 Robert G. 
Reeves and I first suggested an entirely 
different view [see "The Mystery of 
Corn, " by Paul C. Mangelsdorf; SCI­
ENTIFIC AMERICAN, July, 1950]. We 
proposed that the ancestor of cultivat­
ed corn was a wild corn: specifically, a 
wild race of pod corn, which is a pe­
culiar, primitive form whose kernels 
are individually enclosed in chaffy 
pods, or glumes. The wild pod corn, 
now probably extinct, would also have 
been a popcorn, meaning its kernels 
were small and hard. In this scenario 
annual teosinte, far from being the an­
cestor of corn, was itself derived from 
the hybridization of corn with Tripsa-
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cum, a wild grass that is corn's only 
other American': lative. 

Forty-seven years later I still believe 
modern corn acquired its distinctive 
botanical char;::cteristics, notably the 
ear, from a wild pod-popcorn. Two 
developments, however, have forced 
substantial modifications in the theory 
Reeves and I originally put forward. 
First, it has become clear, primarily 
from a comparison of pollen struc­
tures, that annual teosinte cannot be a 
hybrid derivative of corn and Tripsa­
cum. Second, in 1979 a new form of 
teosinte was discovered that by virtue 
of its underground stems (rhizomes) 
and robust roots is a perennial plant 
rather than an annual one. (A perenni­
al plant survives from year to year, 
whereas an annual plant such as corn 
completes its life cycle in a single sea­
son.) In my view this perennial teosin­
te, called Zea diploperennis, was the 
crucial missing link in the genealogy of 
both corn (Zea mays) and annual teo­
sinte (Zea mexicana). 

As I now see it both modern COrn 
and annual teosinte are descended 
from the hybridization of perennial 
teosinte with a primitive pod-popcorn. 
This revised theory is strongly sup­
ported by the results of crossbreeding 
experiments. The experiments show 
that annual teosinte is, as I have al­
ways maintained, the hybrid progeny 
rather than the progenitor of corn, but 
that its other parent is Z. diploperennis 
rather than Tripsacum. And modern 
corn, although it inherited its distinc-

tive botanical features from a wild 
corn parent, has received an equally 
significant contribution from Z. diplo­
perennis. Indeed, it was the hybridiza­
tion with perennial teosinte, probably 
some 4,000 years ago, that triggered 
corn's explosive evolution as a culti­
vated plant. 

C orn was the most important crop in 
the Americas even before then, as 

it still is today. Moreover, there can no 
longer be any doubt that it is Ameri­
can in origin. The best evidence is 
archaeological. More than any other 
plant, corn documents its own history, 
because its hard cobs are well designed 
for preservation under a variety of 
conditions. The remains of prehistor­
ic corn, including some 25,000 cobs, 
have been found in numerous sites 
from Arizona to Guatemala; in con­
trast, not a single cob dating unmistak­
ably from before 1492 has been found 
in any part of the Old World. It was 
Columbus who discovered corn in 
Cuba and brought it back to Spain. 
Within a generation it had spread 
throughout Europe; within two gen­
erations it was being grown around 
the world in every region suitable for 
its cultivation. Only two other New 
World products, tobacco and syphilis, 
spread with equal rapidity. 

By the time Columbus encountered 
corn, Indians were growing it from 
Canada to Chile. Corn was the basis of 
all the advanced pre-Columbian cul­
tures, including those of the Incas of 

MODERN CORN EARS vary widely from race to race in size, shape and color. The 
tremendous diversity of modern corn is the result of centuries of selective breeding and 

crossbreeding. Ultimately, the author suggests, the diversity is attributable to the hybrid­
ization some 4,000 years ago of a primitive cultivated corn with wild perennial teosinte. The 
hybridization gave human breeders a rich gene pool to work with, and it made corn a more 
mutable (and therefore more malleable) species. The ear in the lower right-hand corner is 
U.S. Corn Belt dent, the world's most productive corn. To the left of it is an ear of Cuzco 
Gigante, a Peruvian race with the world's largest kernels. Above the Cuzco is a tiny Lady 
Finger popcorn, and above that is the whitish ear of a Brazilian pod corn, whose kernels are 
enclosed in chaff. The specimen� belong to the Botanical Museum of Harvard University. 
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FOSSIL CORNCOBS from a cave in the Tehuacan valley in Mexi­
co date from about 5000 B.C. and are the oldest yet discovered. The 
cobs are shown life-size at the left, and the largest one is enlarged 
in the middle photograph. The long, chaffy glumes, which enclosed 
individual kernels, identify the cobs as those of a pod corn; because 
the kernels were small, the corn was probably also a popcorn. It 

may have been wild. Modern corn cannot survive in the wild be­
cause its ear is tenacious and is tightly wrapped in husks; as a result 
the seeds (kernels) cannot spread naturally. The tiny ear of wild 
corn, which is reconstructed in the drawing, would have been frail­
er, and at maturity the husks would have opened, enabling the ker­
nels to disperse. The drawing is based on one by Walton C. Galinat. 

South America and the Maya and Az­
tecs of Central America and Mexico, 
but it was first domesticated well be­
fore those civilizations flourished. The 
oldest corn specimens date from about 
5000 B.C. No more than a few centime­
ters long, they were found in the dry, 
once inhabited caves of the Tehuacan 
valley, southeast of Mexico City, by 
the archaeologist Richard S. Mac­
Neish of Boston University. 

In the 1960's I studied these speci­
mens intensively with Walton C. Ga­
linat, who was then my assistant and is 
now at the Suburban Experiment Sta­
tion of the University of Massachu­
setts in Waltham. We concluded that 
the oldest cobs were those of wild corn 
and that corn had therefore probably 
been domesticated a little after 5000 
B.C. The tiny cobs, although unseg­
mented like those of modern corn, 
seemed frail enough to enable the 
seeds to spread and the plant to sur­
vive in the wild. Other workers later 
argued that the Tehuacan cobs were 
early cultivated corn. But everyone 
agreed that they were indisputable evi­
dence of the existence 7,000 years ago 
of a plant with all the distinctive bo­
tanical characteristics of modern corn. 
The principal difference between the 
Tehuacan corn and modern corn is 
one of size. 

Hence one can now give definite an­
swers to the first two questions I posed, 
the questions of where and when corn 
arose in a modern, domesticated form. 
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As MacNeish put it in a recent review 
article, "corn was domesticated in a 
relatively small area of Mexico north 
of Chiapas and south of Mexico City. " 
Whether the most ancient archaeologi­
cal cobs are wild corn or early cultivat­
ed corn, it seems safe to say, as Mac­
Neish does, that "corn was domesti­
cated well before 4000 B.C." 

No similar consensus exists on the 
answer to the third question, that 

of corn's ancestry. The theory that 
corn is descended from annual teosin­
te has been the most popular one since 
the late 1960's, when it was revived 
in part through the work of George 
W. Beadle of the University of Chica­
go [see "The Ancestry of Corn, " by 
George W. Beadle; SCIENTIFIC AMERI­
CAN, January, 19 80]. 

The main reason for believing this 
theory is the close genetic relation be­
tween cultivated corn and annual teo­
sinte, which is now unquestioned. Both 
plants have 10 pairs of homologous 
(functionally identical) chromosomes, 
and the plants hybridize freely. The 
hybrids are usually highly fertile (un­
like mules, say, which are hybrids of 
more distantly related species). When 
a corn-teosinte hybrid forms sex cells 
through the process of cell division 
called meiosis, each pair of homol­
ogous chromosomes-one from corn, 
the other from teosinte-match up 
virtually gene for gene. Furthermore, 
paired chromosomes exchange genes 

almost as often in the hybrids as they 
do in corn itself. The occurrence of 
such "crossing over " indicates that 
there must be a very close match be­
tween the genetic seq uences of the two 
chromosomes. 

Nevertheless, the teosinte theory of 
corn's origin has serious flaws. Most 
of its various versions hold that teo­
sinte was domesticated by Indians and 
gradually converted into corn through 
selective breeding. Yet there is no tan­
gible evidence of any kind-archaeo­
logical, ethnological, linguistic, ide­
ographic, pictorial or historical-to 
show that Indians ever grew teosinte as 
a crop. Again the most significant data 
are archaeological. In contrast to the 
thousands of corn specimens, only a 
few fragments of teosinte have ever 
been turned up at any of the early ar­
chaeological sites. Moreover, in those 
sites where both corn and fragments of 
teosinte or of teosinte hybrids have 
been found, the corn has consistently 
been older than the evidence of teosin­
te. "One might say there is not a grain 
of teosinte before that of corn, " Mac­
Neish has written, "nor a grain of evi­
dence for the assertion that teosinte 
evolved into corn . . . .  " 

The most recent variant of the teo­
sinte theory, advanced by Hugh H. 11-
tis of the University of Wisconsin at 
Madison, also runs afoul of the ar­
chaeological record. I1tis' hypothesis 
is brilliantly imaginative in trying to 
explain how the rigid ear of corn, with 
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its many longitudinal rows of kernels, PERENNIAL 
could have evolved from teosinte, TEOSINTE 
whose own female seed-bearing organ, 
the spike, is small, segmented and brit­
tle and has only two rows. litis thinks 
the corn ear evolved not from teosin­
te's spike but from its male, pol­
len-bearing flower cluster, the tassel, 
through a "catastrophic sexual trans­
mutation. " The problem is that the ar­
chaeological record contains no evi­
dence that annual teosinte even existed 
when the catastrophic change is sup­
posed to have occurred. 

A further problem with all variants 
of the teosinte theory is that they do 
not take into account the discovery of 
Z. dip!operennis, a discovery in which, 
ironically, litis played a major role. 
The plant was found growing wild in 
Jalisco, Mexico, by a Mexican gradu­
ate student, Raphael Guzman, but it 
was litis who had organized the search 
for perennial teosinte. Although a dif­
ferent species of perennial teosinte had 
been known previously, that species 
was a tetraploid rather than a diploid, 
meaning that its cells contained four 
copies of each chromosome rather 
than the more usual two. John F. 
Doebley, a colleague of litis', demon­
strated that Z. dip!operennis is a dip­
loid. Most important, it has the same 
chromosome number as corn and is 
cross-fertile with corn (whereas hy­
brids of corn and the tetraploid peren-
nial teosinte are "triploids " that tend 
to be sterile). 

The discovery of the new perennial 
teosinte changed rather drastically the 
terms of the debate on the genealogy 
of corn and teosinte. When the discov­
ery was reported in 1979, H. Garrison 
Wilkes, a former graduate student of 
mine who is now at the University of 
Massachusetts at Boston, immediately 
recognized its importance. He there-
upon postulated that the hybridization ANNUAL 
of the diploid perennial teosinte with TEOSINTE 
a race of cultivated corn in an early 

CORN AND TEOSINTE are closely relat­
ed: they have the same chromosome number 
and hybridize freely. On both corn and teo­
sinte the tassels (male flower clusters) are 
separate from the female, seed-bearing or­
gans. The plants differ chiefly in the nature 
of their female organs. Whereas corn has 
two or three large, tenacious ears, teosinte 

has numerous small, brittle spikes that shat­
ter when they mature. Another difference is 
that teosinte has numerous tillers, or side 

stalks. Many workers believe modern culti­
vated corn is descended from annual teosin­
te, which grows wild in Mexico and Guate­

mala. The author argues instead that both 
modern corn and annual teosinte are de­
scended from a cross between an early culti­
vated corn, probably the Mexican popcorn 
Palomero ToluQuefio or its precursor, and 
the perennial teosinte Zea dipioperennis. 

PALOMERO 
TOLUQUENO 

MODERN 
HYBRID 
CORN 

TASSEL 
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F, HYBRID 

ANNUAL 
TEOSINTE 

PERENNIAL 
TEOSINTE 

PERENNIAL 
TEOSINTE 

ANNUAL 
CORN 

PERENNIAL 
CORN 

F, GENERATION 

BREEDING EXPERIMENTS support the author's hypothesis for 
the origin of modern corn and annual teosinte. Examples of the 

spikes or ears of the various plants in the experimel!ts are shown at 
roughly two-thirds their actual size. The primitive popcorn Palo­
mero Toluqueno was crossed with perennial teosinte. The F, (first 
generation) hybrid was then crossed with itself and also back­
crossed with perennial teosinte. Both the F 2 and the backcross gen-
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F, HYBRID 

PALOMERO 
TOLUQUENO 

ANNUAL 
TEOSINTE 

PERENNIAL 
TEOSINTE 

BACKCROSS GENERATION 

PERENNIAL 
TEOSINTE 

erations included annual teosinte, whose segmented spikes are brit­
tle and have two interlocked rows of kernels. The F 2 generation 
also included annual corn, which has unsegmented ears with multi­
ple rows of kernels. A by-product of the experiments was perennial 
corn, which has been touted as a valuable new crop. The author 
considers its value doubtful: growing continuously on the same land, 
it would be particularly vulnerable to disease and insect damage. 
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stage of domestication could have cre­
ated the various races of annual teo­
sinte. The Wilkes hypothesis appealed 
to me at once, in part because it was 
consistent with the archaeological evi­
dence and in part because it was test­
able by means of hybridization experi­
ments. It provided me with a powerful 
incentive to resume the experimental 
research I had retired from more than 
a decade earlier. 

The early corn with which Z. dipio­
perennis hybridized would have to 

have been a pod corn. All the earli­
est corncobs, particularly those found 
in the Tehuacan caves, bear the long, 
soft, chafflike glumes characteristic of 
pod corn. In having its kernels en­
closed by chaff, pod corn resembles all 
other major cereals and virtually all 
other grasses, domesticated or wild; 
modern cultivated corn is unique in 
bearing naked kernels. This fact alone 
indicates that pod corn is primitive, as 
the French botanist Auguste de Saint­
Hilaire first suggested in 1 829. Saint­
Hilaire thought the pod feature tended 
to be lost during domestication, and it 
seems clear that he was right. Even 
those investigators who believe corn 
evolved from annual teosinte general­
ly accept the fact that the earliest corns 
were pod corns. 

To test the Wilkes hypothesis I de­
cided to cross Z. dipioperennis with 
Palomero Toluquefio, a Mexican pop­
corn. Palomero Toluquefio is not a 
pod corn-its small, flinty kernels are 
not enclosed-but it is a primitive race 
that appears to be not far removed 
from pod corn. It or its pod-corn pre­
cursor are likely to have been grown 
in J alisco, where Z. dipioperennis was 
found, at the time the cultivation of 
corn began. 

In spite of being primitive, Palo­
mero Toluquefio has the four distinc­
tive botanical characteristics of mod­
ern corn. First, it is an annual plant. 
Second, it has tenacious, unsegmented 
rachises, or cobs. Third, the "spike­
lets" that develop into kernels on the 
ear and into pollen-bearing flowers on 
the tassel occur in pairs. Fourth, the 
ear has many longitudinal rows of ker­
nels. In contrast, Z. dipioperennis is pe­
rennial; like annual teosinte it has brit­
tle, segmented rachises that fall apart 
when they are ripe, and it has solitary 
spikelets and only two rows of kernels. 

My experimental testing of the 
Wilkes hypothesis began early in 1979, 
when I grew plants of both Z. dipiope­
rennis and Palomero Toluquefio in my 
small garden in Chapel Hill. When the 
plants flowered in June, I successfully 
crossed them, employing the teosinte 
as the female parent and fertilizing it 
with pollen taken from the Mexican 

TRIPSACUM PERENNIAL 
TEOSINTE 

PERENNIAL 
TEOSINTE 

PRIMITIVE 
CULTIVATED 

CORN 

GENEALOGY diagrams the author's view of the ancestry of corn and of its relation to the 
wild grasses teosinte and Tripsacum. All three plants are descended from a remote ancestor 
that probably belonged to the Andropogoneae, a tribe that also includes sugar cane and 
sorghum. Sometime before 4000 B.C. corn was domesticated in Mexico from a wild ancestor 
that already had the botanical characteristics-notably a firm ear with multiple rows of 

kernels-of modern corn. In about 2000 B.C. a primitive cultivated corn hybridized with 
perennial teosinte. The results included annual teosinte as well as vigorous and productive 
races of corn. Wild corn was eventually swamped by cultivated corn and became extinct. 

popcorn. The hybrid seeds ripened in 
the late summer, and to gain a genera­
tion I sent some of them to Argentina, 
where spring was just beginning. There 
a former associate, Julian Camara­
Hernandez of the University of Bue­
nos Aires, planted the seeds. 

When the hybrid plants, members of 
the F 1 (first filial) generation, flowered 
early the following year, Camara-Her­
nandez crossed them with one another 
to produce an F2 generation. In addi­
tion he backcrossed F 1 hybrids with 
the perennial teosinte parent. Since the 
annual teosintes differ from perennial 
teosinte chiefly in being annual and 
otherwise share the same botanical 
characteristics, they are likely to have 
arisen in a backcross population, 
which would tend to have a higher 
proportion of teosinte genes than ei­
ther an F lor an F2 popUlation. 

In fact, both the backcross and the 
F2 populations contained significant 
numbers of annual teosinte plants. 
These results were subsequently con­
firmed by backcross and F2 plantings 
in Texas, in which I was joined by my 
former graduate students Lewis M. 
Roberts and John S. Rogers (who are 
also now retired). Together the experi­
ments gave strong support to the 
Wilkes hypothesis that annual teosinte 
is a hybrid derivative of perennial teo­
sinte and corn. In the process they con­
firmed my long-held belief that annual 
teosinte could not be corn's ancestor. 

Instead, a completely different view 
of corn's ancestry emerged from 

two observations we made in the 
breeding experiments. The first obser-

vation was that perennial teosinte's 
rhizomes, the underground stems that 
enable it to endure from year to year, 
are accompanied by large, fleshy roots 
(called prop or brace roots); to some 
degree this robust root system is trans­
mitted to the hybrid progeny. The sec­
ond observation was that the F2 gener­
ation included plants that had all the 
botanical features of modern corn. 

These findings suggested that the 
historical hybridization of Z. dipiope­
rennis with a primitive cultivated corn 
could have produced not only annu­
al teosinte but also new races of corn 
more vigorous and productive than 
any that had preceded them. If Palo­
mero Toluquefio is an example, the 
early cultivated corn was a puny plant 
with weak roots and stalks; it would 
have been highly susceptible both to 
drought and to excessive moisture, as 
well as to insect damage and disease. It 
may have been cultivated by the Mexi­
can Indians only because it was better 
than other cereals available at the 
time, including perennial teosinte. The 
brittle teosinte spikes would have been 
difficult to harvest, and about half of 
the meager harvest would have con­
sisted of the hard, indigestible shells 
that enclose the grains. 

Yet whereas perennial teosinte is in­
ferior as a crop, its robust roots make 
it resistant to drought, and it also re­
sists many diseases to which corn is 
susceptible. In my view it transmitted 
some of these qualities to the offspring 
of its hybridization with corn. It was 
perennial teosinte that gave modern 
corn a good root system, strong stalks 
and resistance to some diseases. The 
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distinctive ear, with its tenacious cob 
and numerous paired rows of kernels, 
came from the primitive cultivated 
corn and ultimately, in rudimentary 
form, from wild corn. But without the 
traits supplied by perennial teosinte, 
corn would never have become the 
productive crop it is today. 

The flow of teosinte genes into corn 
did not take place instantaneously. 
Rather, the various races of annual te­
osinte, which were also derived from 
the hybridization (hence their close ge­
netic relation to corn), continued to 
transmit genes from Z. dipioperennis to 
corn. Growing as weeds in cornfields, 
as they still do, the annual teosintes in­
tercrossed with corn in generation af­
ter generation. Although they are not 
themselves the ancestors of modern 
corn, they may be regarded as carriers 
of valuable genes from corn's perenni­
al-teosinte ancestor. 

The confluence of the two genet­
ic streams had profound effects. Not 
only did corn acquire some of the 
characteristics of perennial teosinte 
but also it became a more mutable spe­
cies. Although the chromosomes of 
the two parents paired almost regular­
ly in the course of meiosis, the paired 
chromosomes were not in perfect reg-

ister with each other. The misalign­
ment led to the creation of new genes 
when homologous chromosomes ex­
changed segments through crossing 
over. The ultimate result was a gene 
pool so extensive and so rich in varia­
tion that almost any kind of corn could 
evolve from it through natural and 
artificial selection. Over the centuries 
human breeders have skillfully ex­
ploited this resource to create hun­
dreds of corn varieties. 

When did the fateful meeting be­
tween Z. dipioperennis and Z. 

mays take place? An approximate date 
can be assigned to the encounter based 
on the earliest appearance in the ar­
chaeological record of a corn showing 
signs of hybridization with teosinte. 
The oldest such corn is no more than 
3,800 years old. Assuming it took a 
couple of centuries for the hybridized 
corn to spread, the hybridization may 
have occurred as recently as 4,000 
years ago. 

Long before they met in the Tehua­
can valley, corn and perennial teosinte 
must have diverged from a common 
ancestor. About this ancestor almost 
nothing can be said other than that it 
probably belonged to the Andropo-

goneae, a grass tribe that includes the 
sorghums, the millets, sugar cane and 
a number of important pasture and 
forage grasses. How wild corn evolved 
from its remote ancestor, and in par­
ticular how the ear evolved, is still 
largely a matter of speculation. 

Corn has never been found growing 
in the wild, and I suspect it never will 
be. It would have become an endan­
gered species at the latest when the 
Spaniards introduced grazing animals, 
notably the agile and voracious goat, 
into the New World. Even before then 
it might have been swamped by pollen 
spreading on the wind from thousands 
of acres of cultivated corn. Through 
cross-fertilization the wild corn would 
gradually have acquired large, solid 
ears that doomed it to extinction. 

With the discovery of Z. dipioperen­
nis, however, one of corn's wild par­
ents has at last been found. And with 
the recognition that modern cultivated 
corn has two parents, the long debate 
over its ancestry can be laid to rest. 
The question "Which is the ancestor 
of cultivated corn-teosinte or wild 
corn?" is now beside the point: both 
are. Other investigators would dis­
agree, but in my opinion the mystery 
of corn has essentially been solved. 

ROOT SYSTEM of perennial teosinte (left) includes thick, fleshy 
brace roots and is much more robust than that of the primitive corn 
Palomero Toluqueiio (right). A hybrid of the two plants (middle) 
has roots of intermediate strength. This suggests that modern corn 

may have acquired its own robust roots, including brace roots, from 
the hybridization with perennial teosinte some 4,000 years ago. The 
short, pale shoots emerging from the roots of the teosinte are 
its rhizomes, which enable the plant to survive from year to year. 
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• ln 
The Solar Cycle 
Precambrian Time 

Periodic signals encoded ln layers of Australian rock some 
680 million years ago promise to advance the understanding 
of the sun's cyclical activity and its terrestrial consequences 

I
n an age of satellites and interplan­

etary probes, it is perhaps ironic 
that some waterworn rocks in a 

eucalyptus-lined creek bed in South 
Australia promise to stimulate an im­
portant advance in the study of the sun 
and how it influences the earth. The 
rocks are red siltstones and fine sand­
stones, known collectively as the Elat­
ina formation. To the casual eye they 
look undistinguished. Yet they incor­
porate a complex pattern of lamina­
tions whose thicknesses may well re­
cord cyclic variations in the relative 
values of mean annual temperature or 
mean summer temperature over many 
thousands of years of Precambrian 
time, 680 million years ago. If that is 
the case, the complex patterns of cli­
matic cyclicity recorded by the Elatina 
formation are clearer than any previ­
ously recognized in geologic records 
or for that matter in other proxy, or 
indirect, climatological data such as 
tree-ring records. The patterns may 
have been caused by cyclic variations 
in the activity of the sun-variations 
strikingly similar to the cyclic activity 
the sun exhibits today, almost 700 mil­
lion years later. 

The effort to establish such a con­
clusion of course must have two foci, 
the study of the rocks and the study of 
the sun. The rocks (to take them first) 
were deposited near the end of the Pre­
cambrian era, in a world dramatically 
different from the earth as it is today. 
Much of the planet was in the grip of a 
severe ice age; indeed, the climate was 
so extraordinary that ice sheets and 
permafrost (soil frozen throughout the 
year) lay near sea level at equatorial 
latitudes. No plants grew on the barren 
land surface, and animal life from the 
seas of that time is unknown: the old­
est recorded fossil remains of multicel­
lular animal life are preserved in rocks 
deposited after the Precambrian ice 
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by George E. Williams 

sheets had disappeared. The world was 
still the domain of primitive algae 
and bacteria. Man could not have sur­
vived; the oxygen content of the Pre­
cambrian atmosphere probably was 
only a few percent of the present level. 

The ice age left its signature in the 
strata of most of the continents. In 
South Australia beds of boulders were 
deposited by melting icebergs in a gulf 
that marked the position of the Ade­
laide geosyncline, an elongated, sed­
iment-filled depression in the crust. 
The adjacent terrain was marked by 
permafrost, by desert dunes and by 
a scattering of large lakes. In the 
cold, arid, strongly seasonal climate 
the lakes received periodic influxes of 
meltwaters turbid with sediment, and 
in several of the lakes cyclic variations 
in the volume of the meltwater left 
complex signals encoded in the thick­
nesses of successive silty laminations 
deposited on the lake beds. The Elat­
ina formation almost surely arose in 
that way. 

Eventua
"
lly the climate improved. 

The permafrost thawed, the glaciers 
disappeared and the lake deposits were 
buried, lithified and preserved under 
the strata deposited by warm latest­
Precambrian and Cambrian seas. Sub­
sequent earth movements and erosion 

exposed the lake deposits; they can be 
found today in a creek bed in the Flin­
ders Ranges, a ragged belt of folded 
sedimentary rocks that extends from 
near Adelaide northward into the arid 
interior of South Australia. 

I became intrigued by the Elatina 
formation in 1979; its cyclicity 

seemed much too clear to have arisen 
through processes normally operating 
on the earth's surface. The modern 
study of periodicities in the activity of 
the sun had begun some 150 years ear­
lier. In 1843 Heinrich Schwabe, a Ger­
man amateur astronomer, pointed out 
an apparent 10-year cycle in the abun­
dance of sunspots. He based his con­
clusion on 17 years of his own obser­
vations. The astronomical community 
was both startled and embarrassed; the 
cyclicity had escaped notice in spite of 
a telescopic watch of the sun for more 
than two centuries. Rudolf Wolf of the 
Zurich Observatory initiated an inter­
national program of observations of 
the sun; a comparable program contin­
ues today" Wolf also searched widely 
through earlier data on sunspots and 
concluded that a cycle averaging 11.1 
years had existed for the years 1700 
to 1848. 

Wolf's reconstruction of sunspot 

LAMINATED SANDSTONES AND SILTSTONES of the Elatina formation in South 

Australia may reveal the sun's influence on the climate of the earth late in the Precambrian 

era, a time when diverse animal life apparently had not yet evolved. The photographs show 

thin sections of two samples of the formation. They are remarkable for their cycles: groups 

of from 10 to 14 laminations bordered by darker bands in which the laminations are thin 

and closely spaced. The thicker laminations are as much as three millimeters wide; the 

thickest ones are found near the center of a cycle. The laminations, moreover, are graded: 

they consist of relatively coarse grains of quartz and feldspar toward the bottom of each 

lamination and finer, more clayey material toward the top. Similar graded laminations, 

called varves, are often deposited at the bottom of modern glacial lakes by the annual 

runoff of meltwaters from glaciers and snow. Each year the coarser grains settle during the 

summer; the finer material settles later, when the water is calm during winter. Cycle dou­

blets (the alternation of a thick cycle and a thin one) are evident in the sample at the right. 
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Precambrian era does much to establish the 

circumstances in which the Elatina forma­

tion was deposited. The geology was domi­

nated by the Adelaide geosyncline, a sedi­

ment-filled crustal depression (greel/) bor­

dered by platforms (oral/ge) such as the 

Stuart shelf. The shelf was covered by per­

mafrost and by dunes consisting of wind­

blown sand. Annual meltwaters probably 

derived from winter snows. A number of 

lakes received the meltwaters, including 

Lake Elatina (horiZOl/tal bars). Geologic de­

posits in the geosyncline include sandstones 

and siltstones characteristic of deltas, lakes 

and streams (circles); beds of boulders 

deposited by icebergs, perhaps in marine 

environments (closed trial/gles), and isolat­

ed stones dropped into fine sediments from 

melting ice (opel/ trial/gles). Stable areas of 

crystalline rock (red) such as granite were 

the source of much of the glacial debris. 

numbers before 1850 became, as John 
A. Eddy of the National Center for 
Atmospheric Research in Boulder has 
noted, an accepted truth of solar his­
tory. Actually, however, Wolf's data 
are much inferior to the data collected 
by observations made in more recent 
years, and they deteriorate considera­
bly with increasing distance into the 
past, toward 1700. The unreliability 
arises both from gaps in the observa­
tion records and from uncertainty as 
to the correction factors needed to cal­
culate standardized sunspot numbers. 
For example, different observers have 
telescopes of different power, so that 
some observers detect sunspots others 
cannot see. It is noteworthy that charts 
of sunspot numbers beginning in 1700 
show a change of structure in the mid-
1800's. Such change can be attributed 
to the changes in the sources and reli­
ability of the data from that time on. 

It is now well established that the 
sunspot cycle is not strictly periodic 
but ranges from about nine to 14 years 
in duration. Moreover, the sunspot cy­
cle is now known to be only one ex­
pression of solar variability: the inci­
dence of solar flares and the flux of so­
lar cosmic rays, ultraviolet radiation 
and X-radiation all vary directly with 
the sunspot cycle. Further still, the 
polarity of magnetic fields on the sun 
(the general field and local fields asso­
ciated with sunspots) reverses syste­
matically from cycle to cycle, produc­
ing a double cycle of 22 years called 
the Hale magnetic cycle after the pio­
neering investigator of solar magnet­
ic fields, George Ellery Hale of the 
Mount Wilson Observatory. Although 
solar variability was first recognized 
by means of sunspot observations, it is 
more appropriate today to group these 
various phenomena as components of 
a "solar-activity cycle." 

Does the cycle influence terrestrial 
weather and climate? After more 

than a century of investigation and 
debate, the relation remains unclear 
and controversial. The imprint of the 
II-year sunspot cycle and the 22-year 
Hale solar-magnetic cycle has often 
been reported, in the form of periodic­
ities discerned in records of such me­
teorological and climatological vari­
ables as rainfall, temperature, storm 
tracks, thunderstorm activity, surface 
atmospheric pressure and high-level 
pressure and winds. Invariably, how­
ever, the putative periodic signals are 
weak, and commonly the signals are of 
dubious statistical significance. 

Effects of solar variability over 
longer terms have also been sought. In 
particular, the apparent cessation of 
sunspot activity in the late 17th and 
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early 18th centuries (a period called 
the Maunder minimum) has been 
linked to the coldest part of the Lit­
tle Ice Age, a span of unusual cold 
in Europe extending from the 16th to 
the early 19th century. The veracity of 
the Maunder minimum has yet to be 
fully established, however, and so its 
suggested link with climatic deterio­
ration must be viewed with caution. 
Many other studies have sought to 
find solar signals in such data as rec­
ords of the thickness of tree rings. In 
general the studies have failed to pro­
duce unequivocal evidence of a link 
between terrestrial climate and the 
solar-activity cycle, or even evidence 
that the solar-activity cycle existed in 
past time. 

Such evidence would yield insight 
into important problems in solar phys­
ics and solar-terrestrial science, the 
study of solar influences on the earth. 
In the first place, indisputable evi­
dence of solar signals in proxy clima­
tological data would settle the ques­
tion of the existence of a mechanism 
linking solar and terrestrial events and 
might provide valuable pointers to its 
nature. None of the proposed mecha­
nisms has won wide acceptance, al­
though any solar-terrestrial link must 
involve the effects of the changing flux 
of solar cosmic rays, X-radiation or 
ultraviolet radiation on the earth's 
atmosphere. 

Second, a record that allowed the 
operation of the solar-activity cycle to 
be traced prior to the brief era of visu­
al observation might reveal the origin 
of the cycle. At least two explanations 
of solar activity are attracting atten­
tion today. The first supposes that the 
internal motions of the sun (caused by 
rotation and convection) interact with 
the large-scale magnetic field in the 
sun to produce a dynamo, the general 
term for a device in which mechanical 
energy is converted into the energy of 
a magnetic field. In short, the magnetic 
field in the sun is taken to be self-sus­
taining over a very long interval of 
time. It follows that the solar-activi­
ty cycle would be maintained with lit­
tle overall change for perhaps billions 
of years. 

The alternative explanation sup­
poses that the large-scale magnetic 
field in the sun is the remnant of the 
field the sun acquired when it formed. 
In this model the field is not sustained 
against decay, so that solar activity 
runs down much more quickly than it 
does in the dynamo model; the charac­
ter of the solar-activity cycle therefore 
could be expected to change over a 
long interval of time. The direct ob­
servations of the sun accumulated 
since 1850 span too short a time to 

V-SHAPED SANDSTONE WEDGE about three meters high is good evidence that a cold, 

arid, strongly seasonal climate prevailed in the catchment area of Lake Elatina and gov­

erned sedimentation in the lake. The wedge was found in late Precambrian rock at the 

Cattle Grid copper mine, 120 kilometers northwest of a site where the Elatina formation 

comes to the surface, in a creek bed at Pichi Richi Pass. Such wedges form over hundreds 

or thousands of years as permafrost contracts and cracks each winter and the crack fills 

with windblown sand. They are forming today in the dry valleys of Antarctica, where the 

climate is arid, cold and strongly seasonal. The field of view includes a second, smaller 

wedge in flat-bedded sandstone of windblown origin imm�diately above the large wedge. 

reveal whether cyclical solar activity 
is a long-lived feature of the sun, as 
it would be in the dynamo model, or 
merely a transient phenomenon, as it 
would be in the competing model. 

I f the evidence in the Elatina forma­
tion is to be brought to bear on 

these questions, the late Precambrian 
geography and climate of the forma­
tion's surroundings must be recon­
structed as accurately as possible. In 
the Flinders Ranges I have studied the 
formation at a place called Pichi Richi 
Pass. There the formation consists of 
sandstones and siltstones, which are 
granular sedimentary rocks. In silt­
stone the size of the grains is less than a 
sixteenth of a millimeter. The forma­
tion is about 60 meters thick, including 
a rhythmically laminated silty unit 
some 10 meters thick. The laminations 
accumulated on a delta at the western 
side of a large, late Precambrian lake, 
which I shall call Lake Elatina, situat­
ed between a frigid, windswept plain 
to the west and the shallow waters of 
the gulflike Adelaide geosyncline to 
the east. The dimensions of the lake 
are not known, but rocks compara­
ble to the ones at Pichi Richi Pass crop 
out over a distance of about 30 kilo­
meters. The laminated unit was de­
posited when the lake was unusually 

deep and widespread, perhaps during 
an interval of extreme cold. 

Evidence independent of the lami­
nations themselves does much to show 
that the climate was cold, arid and 
strongly seasonal. The extreme aridity 
is confirmed by the presence of dune 
sands that interdigitate with the late 
Precambrian lake deposits. Moreover, 
geologic features indicative of a cold, 
arid, seasonal climate are distributed 
extensively in late Precambrian rocks 
throughout what must have been the 
catchment area of Lake Elatina. An 
example is afforded by large, V-shaped 
sandstone wedges within the Precam­
brian rocks. Similar wedges are found 
in modern periglacial areas, such as 
the dry valleys of Antarctica. They are 
formed by the winter contraction and 
cracking of the upper levels of perma­
frost and the filling of the cracks by 
windblown sand. Through annual rep­
etitions of the process large wedges 
build up over periods of hundreds or 
thousands of years. The evidence sug­
gests that the mean monthly tempera­
ture at Lake Elatina may have ranged 
from as low as - 30 degrees Celsius, 
or even - 40 degrees, in midwinter 
to a little above freezing (0 degrees) in 
midsummer. 

The individual layers in the laminat­
ed unit of the Elatina formation range 
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from about .2 millimeter to three mil­
limeters in thickness. Most of the lami­
nations are graded, that is, they show a 
gradual reduction in grain size toward 
the top of the lamination. The lam­
inations form conspicuous cycles, 
or groups, each consisting of some 10 
to 14 laminations. The thickness of 
the laminations varies systematically 
within each cycle, attaining a maxi­
mum for the laminations near the cen­
ter of the cycle. A given cycle is usual­
ly bounded by darker bands that turn 
out to be thinner, more clayey lamina­
tions crowded together. A cycle "dou­
blet" consisting of a thick cycle and an 
adjacent thin cycle is common. Longer 

rhythms are also evident; they take the 
form of regular changes in cycle thick­
ness over spans of many cycles. 

The beds of modern glacial lakes 
suggest a way to interpret the regular, 
graded laminations of the Elatina for­
mation. In such beds it is common to 
find that an extremely regular pattern 
of lamination in silts and fine sands is 
caused by the seasonal control on sedi­
mentation. During the spring and sum­
mer thaw, meltwaters carry abundant 
suspended matter to the lake. The 
meltwaters are colder, and therefore 
denser, than the water of the lake; thus 
they form an underflow and deposit a 
thin, usually graded layer of silt and 

fine sand. Later, during the winter, a 
still finer, clayey material may· settle 
when the lake has frozen over or a 
temperature inversion has overturned 
the lake waters. The material is so fine 
that wave action at the surface of the 
lake had kept it in suspension until 
winter came. 

An extensive and regular or rhyth­
mic seq uence of either graded lamina­
tions or coarse-fine couplets is usual­
ly interpreted, therefore, as a set of 
varves, the geologic term for an annu­
al deposit. For a number of reasons I 
believe the graded laminations in the 
Elatina formation are best interpreted 
in the same way. The fact that Lake 
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12-"YEAR" CYCLE NUMBER 

COMPLEX CYCLICITY in the laminations of the E1atina forma­

tion emerges from analysis of the "detailed sequence," an unbroken 

core sample with 1,337 laminations. The two top charts show thick­

ness of successive laminations at two scales. Cycles are defined by 

thickness minimums; on the average each cycle contains 12 lamina­

tions. Cycles of relatively high and low amplitude tend to alternate. 

Moreover, the minimum lamination thicknesses tend to have rough­

ly the same value, whereas the maximum thicknesses, at the center 
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of each cycle, have a wide range of values. The bottom chart com­

pares lamination thickness (color) and cycle duration, or number of 

laminations per cycle (black), over the entire detailed sequence. 

Both variables show systematic variation: the thickest laminations 

occur about every 26 cycles, whereas the cycles with the greatest 

number of laminations occur about every 13 cycles. The thickest 

laminations tend to occur in the shortest cycles. The curves have 

been filtered, or smoothed, to emphasize the long-term periodicities. 
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Elatina received meltwaters from a 
catchment area that had a markedly 
seasonal, arid climate implies that the 
discharge of meltwater into Lake Elat­
ina was strongly controlled by the cli­
mate; disruptions of the cyclic season­
al pattern by storms must have been 
few and intermittent. Hence the sea­
sons would have exerted strong con­
trol on sedimentation in the lake. In 
fact, the graded laminations resemble 
the delicate but distinct modern glacial 
varves that typically are laid down 
in relatively deep water some distance 
from the source of the sediments. The 
thinnest laminations in the Elatina for­
mation presumably reflect the coldest 
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part of the climatic spectrum. Their 
clayey composition can be attributed 
to the deposition of very fine material 
because of notably widespread freez­
ing or major overturn of the cold sur­
face waters of Lake Elatina. 

My conclusion, by 1981, that the 
Elatina laminations are varves 

opened up a remarkable prospect. 
To the extent that the thicknesses of 
varves at a particular site reflect the 
volumes of meltwaters (and their sus­
pended matter) entering a lake, varves 
may provide a relative measure of a 
succession of summer or annual mean 
temperatures. Thus in the Elatina for-

mation the thicknesses of the pre­
sumed varves and varve cycles might 
constitute proxy climatological data 
recording mean annual or summer 
temperatures over many thousands of 
years of late Precambrian time, almost 
700 million years ago. Moreover, the 
cyclicity in the Elatina laminations put 
me in mind of the solar-activity cycle. 
More information was needed than 
the limited rock outcrops could pro­
vide. Thanks largely to the enthusiasm 
and support of the late Ronald G. Gio­
vanelli, former chief of the division of 
physics of the Commonwealth Scien­
tific and Industrial Research Organi­
zation in Sydney, the CSIRO agreed to 

FURTHER CYCLICITY emerges from an analysis of the "long 

sequence," a record of 1,580 cycles, or roughly 19,000 laminations, 

spanning nearly the full lO-meter thickness of the laminated rock in 

the Elatina formation. The top chart plots the thickness of entire 

cycles in a sample of the long sequence. Distinct maximums appear­

ing every 25 to 27 cycles (colored lilies) define a periodicity called 

the Elatina cycle. The data also show a sawtooth pattern reflect­

ing the alternation of relatively thick and relatively thin cycles. In 

the middle chart the data have been filtered, as in the illustration on 

the opposite page, to emphasize long-term periodicities. The high­

est peaks represent the Elatina cycle; the lower peaks represent one 

of its harmonics. The bottom chart was made by subtracting the 

values in the middle chart from those in the top one. What remains 

is a sawtooth pattern in a series of envelopes. Periodic 180-degree 

phase shifts, or reversals in the alternations composing the sawtooth 

pattern (gray lilies), lie at or near the necks between envelopes. 
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sponsor drilling in the Elatina forma­
tion. The goal was to obtain a com­
plete cored seq uence of the 10-meter 
thickness of rhythmic lamination. The 
drilling was done in December, 1982. 
Since some core would be lost through 
rock fracturing, a group of three verti­
cal holes was drilled to allow the 
matching of cores and the construc­
tion of the longest possible continuous 
varve record. 

During 1983 I logged the drill cores 
and compared and correlated the three 
sequences. I began by placing small, 
overlapping strips of clear tape on the 
cores and carefully marking on the 
tapes the thicknesses of cycles that lay 
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between conspicuous darker bands in 
the rock. I then transferred the strips 
of tape to large transparent sheets. Su­
perposing the sheets established cor­
relations among the three cores and 
made it possible to bridge stratigraph­
ic gaps caused by core breakage. The 
result was a stratigraphically contin­
uous log 9.39 meters long, spanning 
1,580 cycles. The conspicuous cycles 
comprised from eight to 16 varves; 
the average was 12. Hence the entire 
log covered an estimated 19,000 
"years." (The word years in quotation 
marks signifies varve time.) I shall re­
fer to this log as the "long sequence." 
In addition overlapping photographic 
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enlargements were made of thin sec­
tions from a single piece of cor.e near­
ly a meter lorrg. These prints consti­
tute what I shall call the "detailed se­
quence." It is an unbroken record of 
1,337  varves whose thicknesses can be 
readily measured. 

I n the next part of the project the 
thickness of varves and cycles in the 

two sequences was measured with a 
precision of .01 millimeter in the Lab­
oratory of Tree-Ring Research at the 
University of Arizona in Tucson by 
means of equipment designed by Wil­
liam J. Robinson, the director of the 
laboratory, for the precise measure-
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SUNSPOT CYCLE 

CYCLIC ACTIVITY OF THE SUN has a pattern much like the 

one encoded in the Elatina formation. The top chart shows the mean 

annual sunspot number since 1610. A change in the pattern occurs 

between cycle 7 and cycle 8, or at about the time the amateur as­

tronomer Heinrich Schwabe began making systematic sunspot ob­

servations. The earlier data become progressively less reliable to­

ward the beginning of the record, casting doubt on the reality of the 
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Maunder minimum, a period of low solar activity said to have be­

gun about 1650. From 1850 onward the data show alternate cycles 

of relatively high and low amplitude, creating the sawtooth pattern 

displayed in the bottom chart. The pattern is much like that of the 

Elatina formation's cycle thickness. The pattern persists in subdued 

form across the peak of cycle 19; the value for cycle 21 is based on 

the prediction that the cycle will have ended by about June, 1986. 
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ment of tree rings. The data were then 
transferred to a computer at the Lu­
nar and Planetary Laboratory of the 
University of Arizona for analysis, 
which I did in association with Charles 
P. Sonett. 

The measurements of varve thick­
ness in the detailed sequence revealed 
a complex interweaving of cyclicities 
[see illustration on page 92]. The cycles 
themselves show an overall tendency 
to positive skewness, that is, the rise to 
maximum varve thickness within a cy­
cle tends to be steeper than the fall to 
minimum thickness. The mean ascent 
period is 5.57 "years" and the mean 
descent period is 6.45 "years." The 
succession of cycles displays further 
rhythms. The cycles containing the 
thickest varves occur on the average 
every 26 cycles. Intermediate peaks in 
varve thickness occur between these 
highest peaks. In contrast, the cycles 
containing the greatest number of 
varves occur on the average about 
every 13 cycles. Intriguingly, the two 
rhythms are negatively correlated: the 
thickest varves tend to occur in the cy­
cles having the fewest varves, that is, 
the cycles of shortest duration. In oth­
er words, strong cycles tend to be brief 
and weak cycles tend to be long. 

The long sequence of 1,580 cycles 
likewise contained a complex pattern 
of rhythms [see illustration on page 93]. 
Here, however, the periodicities iden­
tified by visual inspection and mathe­
matical analysis of the thicknesses of 
the cycles prove to range from about 
four cycles to as many as 720 to 780. 
(That is, each rhythm has a charac­
teristic duration, or repetitive length, 
and these lengths vary greatly from 
one type of periodicity to another.) 
The identified periodicities include the 
"Elatina cycle," a prominent rhythm 
averaging about 26. 1 12-"year" cy­
cles in duration, or about 275 to 3 3 5  
"years." The periodicities also include 
a number of rhythms that are harmon­
ics of the Elatina cycle: rhythms whose 
frequencies (the reciprocal of the du­
ration) are whole-number mUltiples of 
the frequency of the Elatina cycle. The 
mean durations of the identified har­
monics are 3 14, 157, 105, 79, 63 , 52 
and 45 "years." 

Superposed on the Elatina cycle is 
a sawtooth, or zigzag, pattern result­
ing from the characteristic alternation 
of relatively thick and relatively thin 
12-"year" cycles. The pattern exhib­
its 180-degree phase shifts (that is, the 
thick-thin alternation reverses) at in­
tervals ranging from nine to 23 cycles; 
the average interval between shifts is 
14.6 cycles. The mean period for a 
3 60-degree change of phase is there­
fore 29.2 cycles, or 3 . 1  cycles longer 

than the mean period of the Elatina cy­
cle. Hence the positions of features of 
the sawtooth rhythm gradually change 
along the sequence with respect to the 
features of the Elatina cycle. 

Armed with this statistical analysis of 
.£\. the signals in the Elatina forma­
tion, I was in a position to compare the 
Elatina record with the modern record 
of solar activity. The two show simi­
lar features. Both records (analyzed 
mathematically) have periods of be­
tween nine and 14 years, as well as pe­
riods of about 22 to 25 years and peri­
ods of about 90 to 1 10 years. (The dif­
ference in mean period between the 
Elatina 12-"year" cycles and sunspot 
II-year cycles may be of little signifi­
cance, since both records show a ten­
dency to systematic variation in cycle 
duration over many cycles; the reliable 
solar record may be too brief to yield a 
truly representative mean period.) The 
longer Elatina harmonics of about 157 
and 3 14 "years" are comparable to 
climatic periods (possibly of solar ori­
gin) that have been identified for re­
cent times in tree-ring studies. In both 
records the minimums (the thinnest 
varves in the Elatina formation, the 
smallest mean annual sunspot num­
bers in modern solar-activity records) 
occur at a more or less uniform lev­
el, whereas the maximums have a 
wide range of values. In both records 
the amplitudes of cycles vary system­
atically over a number of cycles. In 
both records sawtooth alternations be­
tween high and low cycles are com­
mon. In both records the individ ual 
cycles show a tendency to positive 
skewness. In both records the strong 
cycles tend to be of short duration. 

These similarities argue for a direct 
connection, through climatic tempera­
ture variability, between varve thick­
nesses in the Elatina formation and so­
lar activity in late Precambrian time. 
In other words, an increase in solar ac­
tivity caused a corresponding increase 
in climatic temperature, which in turn 
entailed a greater annual discharge 
of meltwaters and the deposition of 
thicker varves on the bed of Lake Elat­
ina. The study of recent varves in Ski­
lak Lake, a glacial lake in Alaska, sug­
gests that a solar signal, albeit a very 
weak one, has been recorded in this 
way. Further support is provided by 
the work of Ronald N. Bracewell of 
Stanford University, who has shown 
that an Elatina-like varve-cycle pat­
tern can be generated artificially from 
a sequence of mean annual sunspot 
numbers by positing a direct relation 
between varve thickness and sunspot 
number. 

The apparent strong influence of 

COMPUTER-PLOTTED PATTERN re­

sembling that of the laminations in the Elat­

ina formation was generated from sunspot 

abundances for the years 1907 through 1927 

by Ronald N. Bracewell of Stanford Uni­

versity. Bracewell assumed that solar activi­

ty, as represented by the mean annual sun­

spot number (left), has a direct relation to 

the thickness of laminations. In the parts of 

the pattern corresponding to sunspot mini­

mums the layers coalesce into dark bands. 
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solar cyclicity on the earth's climate 
nearly 700 million years ago carries 
important implications for solar-ter­
restrial science and solar physics. The 
findings immediately encourage one 
to ask how the solar cycle could have 
affected the climate so markedly in 
late Precambrian time when today a 
solar signal is barely if at all discern­
ible in patterns of weather and climate. 
One promising idea is that the great 
sensitivity of the Precambrian climate 
to solar variations resulted from the 
small oxygen content of the Precam­
brian atmosphere. 

It is thought that in Precambrian 
time, before pliillt life began to liberate 
oxygen on a wide scale as a by-product 
of photosynthesis, the oxygen content 
of the earth.:s .. ,;>tmosphere was only 
a small fraction of the present value. 
The small oxygen content would have 
enabled solar ultraviolet radiation to 
penetrate deep into the atmosphere be­
fore being absorbed by molecular oxy­
gen, converting the oxygen into ozone 
(03), and so would have given the at­
mosphere's ozone layer a far lower al­
titude than it has today. As a result 
the changes in temperature and other 
properties of the ozone layer brought 
on by cyclic variations in solar ultravi­
olet flux would have occurred at low 
altitude and might have directly influ­
enced ground-level temperatures. 
With the increase in oxygen content 
that came in Paleozoic time, the terres­
trial effects of the solar-activity cycle 
would have been pushed to a height 
where they are npw barely able to in­
fluence weather and climate. The idea 
champions solar ultraviolet flux as the 
dominant link between solar cyclicity 
and climatic response. 

The Elatina data also imply that 
the sun's activity has not changed 

greatly over the past 700 million years. 
The data therefore lend support to 
solar models that invoke a self-sus­
taining dynamo in explanation of the 
solar-activity cycle. The data may 
further discriminate between dynamo 
models that predict the random recur­
rence of Maunder-type minimums and 
models req uiring only cyclic mod ula­
tion of solar activity. In particular the 
Elatina data show deep minimums in 
cycle heights about every 275 to 335 
"years," but nowhere in the 19,000 
"years" of continuous signals is there a 
cessation of cyclicity comparable to 
the alleged Maunder minimum. This 
finding may imply that the Maunder 
minimum is an artifact of insufficient 
or inaccurate data. Indeed, naked-eye 
observations made in China during the 
17th and early 18th centuries provide 
no support for an absence of sunspot 
activity in that period. 

The nature of solar activity before 
about 700 million years ago cannot be 
inferred with any reliability from the 
known rock record. The apparent sta­
bility of the sun's behavior since that 
time accords well with observations of 
the activity of stars resembling the sun. 
Such observations indicate that varia­
tions in activity similar to those of the 
sun are largely independent of the 
star's age and its period of rotation. 
The findings suggest that when a star 
early in its life settles down to a fairly 
low rotation rate (comparable to the 
sun's rate of roughly one rotation per 
month), it can be expected to maintain 
a relatively stable activity cycle on a 
billion-year time scale. Still, the evi­
dence of complex rhythms in the late 
Precambrian solar cycle implies that 
solar processes are more complex than 
any existing model would suggest. The 
prospect, therefore, is that the long, 
detailed record of solar activity pro­
vided by the Elatina formation could 
prove valuable in developing new 
models of the physics of the solar-ac­
tivity cycle. 

One important practical application 
of the Elatina data may be the fore­
casting of the relative amplitude and 
duration of future solar-activity cy­
cles. If the solar maximum that oc­
curred in 1957 is equated with the 
maximum of the 3l4-"year" periodici­
ty in the Elatina record, a number of 
predictions emerge. Future solar-ac­
tivity cycles should display an over­
all decline into a deep trough in the 
course of the next nine or 10 cycles. A 
l80-degree phase shift in the sawtooth 
(strong cycle, weak cycle) pattern 
should come, probably within the next 
few cycles. (The past 13 cycles have 
maintained the phase of the alternat­
ing pattern, and the mean duration be­
tween phase shifts in the Elatina rec­
ord is 14.6 of the record's 12-"year" 
cycles.) Finally, the mean duration of 
the solar-activity cycle should increase 
to a value exceeding the mean foc the 
past 100 years. This increase in dura­
tion will accompany the decrease in 
amplitude. 

The data encoded in the Elatina for­
mation promise, then, to provide a 

stimulus in several related fields: the 
study of the earth's atmosphere and its 
evolution; the search for mechanisms 
by which the sun might affect the 
earth's climate; the modeling of the 
physics of the solar-activity cycle; the 
prediction of future solar activity. An­
cient rocks bearing annual layers, par­
ticularly those of Precambrian age, 
should be viewed as potential solar ob­
servatories that may greatly advance 
the understanding of solar processes 
and the sun's linkages to the earth . 
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Thermal Niches of Striped Bass 
It appears that the preferred water temperature changes 
with the age of the fish. Overcrowding in optimal zones 
may be the reason that certain populations fail to thrive 

The striped bass (Morone saxati­
lis), prized by commercial and 
sports fishermen alike, is by na­

ture a coastal fish that migrates up riv­
ers to spawn. Some 30 years ago it was 
discovered that the fish can thrive in 
fresh water, and so it has now been 
stocked in many inland rivers and 
reservoirs. 

Today the striped bass is an object 
of concern because the coastal popu­
lations have been declining and even 
some of the mostly successful fresh­
water populations have displayed such 
problems as excessive deaths in mid­
summer among the largest adults and 
failure of some stocked fish to attain 
the expected size. Examining these 
problems as part of my ecological 
work at the Oak Ridge National Lab­
oratory, I have found that the water 
temperature preferred by the striped 
bass changes with the age of the fish. 
At each major stage of its life an indi­
vidual striped bass occupies a different 
thermal niche. Presumably some of 
these thermal niches can become over­
crowded occasionally, either because 
there are too many fish or because the 
volume of water at the proper temper­
ature is insufficient to support the pop­
ulation. It may turn out that the prob­
lems affecting the striped bass can be 
reduced by applying this information 
in managing the coastal and freshwa­
ter populations. 

Such a strategy would supplant the 
tendency to look for such local causes 
of difficulty as toxic pollution, spawn­
ing barriers, predation and over fish­
ing. A particular focus of controversy, 
and therefore a stimulus for much re­
search on the striped bass, has been the 
power-plant cooling systems that dis­
charge warm water at places (such as 
in the Hudson River) [reg uented by 
striped bass. 

Now that more is known about the 
fish, attention is turning to common 
features seen in striped bass popula­
tions throughout the U.S. One can now 
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by Charles C. Coutant 

view the ecology of striped bass as a 
mosaic of habitats and resources ap­
portioned among age groups. The ba­
sis for the view is the demonstrably 
different environmental reg uirements 
of adults and juveniles. In particu­
lar the reg uirement of ad ults for cool 
water seems to explain many other-

wise paradoxical features of success 
and failure in striped bass populations. 

Male striped bass usually mature at 
the age of two years, when they 

are from 30 to 35 centimeters ( 12 to 
14 inches) long and weigh from .3 to 
.6 kilogram (.6 pound to 1.3 pounds). 

STRIPED BASS (Morolle saxalilis) is normally anadromous, meaning that it live
'
s in coast­

al waters and migrates up rivers to spawn. In the 1950's it was discovered that the fish can 
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Females typically spawn for the first 
time at the age of four or five years, 
when they are from 45 to 55 centime­
ters long and weigh from 1.5 to two 
kilograms. Spawning takes place in the 
spring; individual fish spawn in several 
years (but not necessarily every year) 
of the normal 10-year life span. A 
spawning female releases about a mil­
lion semibuoyant eggs. After three or 
four days, depending on the water 
temperature, the eggs hatch as nearly 
transparent larvae that continue to 
drift with the currents. A month later 
the larvae that survive the rigors of 
planktonic life grow into free-swim­
ming juveniles that cluster in shallow 
areas along the shoreline. They usually 
remain in the brackish river mouth 
and coastal estuaries until they are two 
or three years old. 

From Cape Hatteras to New En­
gland substantial numbers of adults 
(but not all) then leave the estuaries 
of their birth and migrate in schools 
along the coast, traveling generally 
north in summer and south in winter. 

South of Cape Hatteras, in the Gulf of 
Mexico, in the St. Lawrence River and 
on the West Coast striped bass rarely 
make coastal migrations; they remain 
closely associated with tidal rivers. 
Striped bass in freshwater reservoirs 
also display seasonal movements. 
Adults spend the winter in a deep part 
of a bay, away from currents. 

Even this brief synopsis indicates 
the major differences in the habitats 
occupied by striped bass at different 
ages. The shifts of habitat are evident­
ly not simple responses to local condi­
tions but instead reflect age-specific 
genetic adaptations by the species. A 
useful hypothesis in guiding research 
has been that the J-ife-cycle pattern de­
veloped through natural selection in 
native estuaries of the East Coast and 
fixed the environmental requirements 
of the species. These requirements 
would be manifested in any environ­
ment to which striped bass were trans­
planted, although further natural se­
lection may have diversified regional 
stocks somewhat. Because many of the 

new environments do not fully repro­
duce the conditions of the native estu­
aries, they provide a means of obtain­
ing more detailed knowledge about the 
habitat requirements of the species. 

The new environments, particular­
ly freshwater reservoirs in east­

ern Tennessee, have been the focus of 
my research on the thermal niches of 
striped bass. Fishes generally cannot 
control their body temperature, and so 
they function best when they can find 
water at a temperature that enables 
them to operate at a physiological 
maximum. Fish of a given species or at 
a particular stage of life will often con­
gregate in water that is at the preferred 
temperature. 

Juvenile striped bass (between one 
month and one year old) are small 
enough to be studied easily. Early re­
search by several investigators sup­
ported the idea that the juveniles per­
form best at fairly high temperatures, 
meaning from 24 to 29 degrees Celsius 
(75 to 84 degrees Fahrenheit). My col-

thrive in fresh water. Since then many inland rivers and reservoirs 

have been stocked with striped bass. The coastal populations have 

been declining for several years and unusual numbers of the largest 

adults in freshwater populations have been dying in midsummer. 
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league David K. Cox and I did a de­
tailed study of the growth rates of ju­
venile striped bass at different temper­
atures and feeding rates and found 
that growth was maximal at tempera­
tures of between 24 and 26 degrees C. 

In contrast, striped bass during the 
first month of life do best at apprecia­
bly lower temperatures, near the 
spawning and larval-development 
temperature of 20 degrees C. or less. 
The preferred temperature tends to 
rise as the fish grow, probably reflect­
ing an adaptation to the typical spring­
time increase in water temperature. 

It was much harder to get good data 
on the thermal niches of larger striped 
bass. Although records obtained in the 
1930's by Daniel Merriman of Yale 
University on striped bass along the 
Atlantic coast indicated that adults are 
seldom found in water warmer than 27 
degrees C., the notion persisted that 
the data on juveniles were typical of all 
older ages. A few laboratory experi­
ments that successfully handled large 
ad·ults suggested a decline in perfor­
mance at a water temperature of about 
27 degrees and a tendency among the 
fish to avoid water that warm. These 
data were helpful, but they did not 
form a basis for confident judgments 
about the effect of warm-water dis­
charges by power plants. Since one of 
my laboratory's tasks was to assess 
such discharges, I sought to clarify 
the importance of temperature for the 
larger striped bass. 

These fish do not lend themselves 
to laboratory experiments, being as 
much as three feet long and weighing 
as much as 70 pounds. (The biggest 
striped bass ever caught by a sport 

COOL OFFSHORE WATERS 

fisherman weighed 78.5 pounds.) We 
therefore had to find a way to study 
them in their natural habitats. Our suc­
cess is due largely to my colleague 
James M. Rochelle, who devised a 
temperature-sensing transmitter that 
can be attached to free-swimming fish. 
It tells us where a fish is and what the 
temperature of the water is there. 

Our initial field studies with trans­
mitter-eq uipped striped bass in­

volved two-year-old subadults inhab­
iting two small lakes that had once 
been rock quarries. The lakes show a 
strong vertical stratification of tem­
perature in the summer. Like most 
lakes, they get warm at the surface, but 
the depths stay cool. Our bass could 
select temperatures ranging from 10 
to 30 degrees C. in midsummer. The 
lakes are well oxygenated, and so we 
could be certain the movements of the 
fish did not involve avoidance of low­
oxygen areas. 

The results that we (my colleague 
David S. Carroll, my student Larry 
Little and I) obtained over two spring 
and summer periods were striking. In 
early spring the fish tended to select 
the warmest water available 1.5 me­
ters or more below the surface. As the 
surface water warmed above about 24 
degrees C., tagged fish followed the 
zone of 20 to 24 degrees to increasing 
depths. Although they often made ex­
cursions to cooler water and occasion­
ally went into warmer water, our sta­
tistical analysis showed clearly that 
this age group seeks a thermal niche 
centering near 22 degrees. 

During the same years we were try­
ing with little success to tag and moni-

ESTUARY 

tor adults in an open reservoir. I had 
chosen Cherokee Reservoir, a large 
impoundment (87 kilometers long and 
12,000 hectares in area) of the Holston 
River in Tennessee. My reasons were 
that a power plant warmed the in­
flow at the headwaters and that the 
people participating in the reservoir's 
sport fishery were dismayed because 
the larger striped bass had been dying 
mysteriously each summer since 1971, 
some seven years after a program of 
stocking the reservoir ann ually with 
juveniles had begun. The situation was 
ideal: our laboratory needed informa­
tion about the effect of power-plant 
discharges on striped bass and the Ten­
nessee Wildlife Resources Agency 
wanted to find out what was killing the 
large ad ults. 

Our first problem was that we had 
trouble finding fish to tag in the sum­
mer. Notwithstanding our advanced 
university degrees, we did not solve 
the problem until we consulted a fish­
ing guide who showed us the right 
places to find striped bass. Our next 
problem was that all but one of the 
many fish we tagged during our initial 
studies died within about two hours af­
ter we released them. In each case the 
fish made a number of rapid move­
ments between the surface, where the 
temperature was above 25 degrees C., 
and middle depths at a temperature 
of 23 or 24 degrees. The one fish 
we tagged successfully in that series 
stayed in cool water (about 21 degrees) 
after its initial dive. 

We did not solve the problem of this 
perplexing behavior until we realized 
that the one successful fish had been 
returned to the water near the capture 
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point, whereas the others had been re­
leased some distance away because the 
boat had drifted while we were tagging 
them. Looking into that phenomenon, 
we found that the capture area had 
cool water because a stream from a 
spring entered the reservoir there. The 
cool water sank, since it was denser 
than the warm water at the surface. 

Tracking the one surviving fish for 
several days as it meandered up and 
down the cool, submerged stream 
channel, we found it sought tempera­
tures that ranged from 18 to 25 de­
grees C. and centered at 22.5. In the 
main reservoir we mostly found tem­
peratures of 25 degrees or more. There 
were a few other cool spots, some well 
known to the local fishing guides, but 
most of the deeper, cooler parts of the 
reservoir tended to be low in dissolved 
oxygen. 

This pattern of midsummer resi­
dence in cool refuges in Cherokee Res­
ervoir was documented in detail dur­
ing studies in 1977 and 1978 by my 
graduate students Harold R. Waddle 
and Barbara A. Schaich. In each year 
the larger tagged fish, weighing up to 
12 kilograms, chose cooler tempera­
tures than the smaller ones. 

Our early failures in tagging appear 
in retrospect to have been valu­

able chronologies of a fatal squeeze af­
fecting the fish that died. The tempera­
tures were too high at the surface and 
there was not enough oxygen at the 
bottom. A tagged fish released outside 
its thermal refuge could survive for 
only a couple of hours. Its death was 
attributable to the alternation between 
water tl}at was too hot and water that 
did not have enough oxygen, together 
with the stress on the fish from its fran­
tic up and down movements in search 
of a suitable environment. 

Did this finding have any bearing on 
the mysterious natural deaths of large 
striped bass every summer? The his­
tory of those deaths in Cherokee Res­
ervoir and in a number of other res­
ervoirs in the Southeast is consistent 
with a pattern of decreasing preferred 
temperature as the fish age and pro­
gressively fill the limited number of 
thermal refuges available to adults. 

While we were doing our tagging ex­
periments we saw a number of large 
(five kilograms or more) striped bass 
that had died. We autopsied many 
of them and found poor conditions 
that worsened as the summer went on. 
The conditions included empty stom­
achs (notwithstanding the abundance 
of small prey fish in surface waters), 
swollen and dark gallbladders (indica­
tive of a low level of digestive activity) 
and numerous body sores. 

We see these conditions as the re-

suits of crowding in the thermal ref­
uges. Under those conditions the food 
supply dwindles rapidly. Furthermore, 
the close contact among the fish en­
hances the transmission of disease at 
the very time that resistance to infec­
tion is reduced by poor nutrition. 
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The requirement for cool tempera­
tures must be quite important. Starv­
ing striped bass will not go into warm 
water two or three meters above them 
to pursue the abundant prey there. As 
they become weaker they may lose the 
ability to select appropriate tempera-
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ADVERSE CONDITIONS for adult striped bass can develop in a freshwater reservoir in 

summer. The example here is Cherokee Reservoir in Tennessee. Because water near the 

surface gets warmer and water near the bottom becomes low in oxygen owing to the decom­

position of organic matter, the habitats suitable for the fish shrink_ A suitable habitat for 

an adult has a temperature below 25 degrees C. and at least two milligrams of dissolved 

oxygen per liter of water. Such cool water as there is comes from a dam, a river or a spring. 

It stays below the warm surface water, so that a thermal stratification develops. As juve­

niles mature and require cool water, they may saturate the space in thermal refuges, forcing 

larger adults into unsuitable niches, where they are physiologically stressed and may die. 
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SEASONAL MOVEMENTS of estuarine striped bass are consistent with a cool-water 

thermal niche for large adults. They are shown in the region of San Francisco Bay and the 

Sacramento-San Joaquin river delta. The colored circles represent tagged fish returned by 

fishermen from 1947 through 1952. The distribution is uniform in the spring; a tight con­

centration develops in the summer and shifts upstream in early fall. The groupings corre­

spond to the movement of the zone where the water temperature is from 18 to 21 degrees C. 

102 

tures. They may also be forced out of 
refuges by competition from str�mger 
individuals. 

We made another discovery that is 
quite disconcerting: the stressful sum­
mer conditions in Cherokee Reservoir 
make females less able to reproduce. 
The Cherokee stock, compared with 
striped bass in two other reservoirs, 
showed a lower percentage of females 
capable of spawning, poorer fertiliza­
tion of eggs, reduced success in hatch­
ing and poorer survival of larvae. The 
reason may be that an undernourished 
female cannot supply each egg with 
food reserves to carry the embryo and 
larva to the free-feeding stage. 

Surprisingly, the heated water from 
the power plant in the headwaters of 
the reservoir had no discernible effect 
on the striped bass in summer. The hu­
man activity that did affect them was 
the hydroelectric plant at Cherokee 
Dam. The water withdrawn to gener­
ate power depleted the volume of cool 
water in the main reservoir, increased 
the volume of the upper layers being 
warmed by the sun and brought oxy­
gen-depleted bottom water from the 
productive upstream regions of the 
reservoir down to the lower reaches. A 
challenge for ecologists is to improve 
their understanding of the physical 
and chemical processes that deplete 
oxygen and raise temperatures in res­
ervoir habitats otherwise suitable for 
striped bass. 

Does the age-specific behavior of 
the striped bass in Cherokee Res­

ervoir represent a more widespread 
phenomenon? We investigated this 
question in two ways. We did a teleme­
try study of the striped bass in another 
reservoir that is physically quite dif­
ferent from Cherokee but offers the 
same thermal niches. The other ap­
proach was to review what has been 
written about the response of striped 
bass across North America to various 
conditions of temperature and dis­
solved oxygen. 

The site of the telemetry study was 
Watts Bar Reservoir on the Tennessee 
River. It differs from Cherokee Reser­
voir in that it receives cool water dis­
charged from an upstream dam. The 
cool water enters in a major tributary, 
the Clinch River, before it mixes with 
the warmer water of the main reser­
voir, and together they form a hori­
zontal temperature gradient of consid­
erable length. Terry E. Cheek, a gradu­
ate student, Michael 1. Van Den Avyle 
of Tennessee Technological Universi­
ty and I found in a 16-month study 
that tagged adult striped bass showed 
the same pattern of temperature selec­
tion as the fish in Cherokee Reser­
voir. They left the warm, low-oxygen 
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water of the main reservoir for the 
cooler tributary water in summer and 
d'ispersed in the fall when the main 
reservoir cooled. 

The written material, covering nu­
merous studies in both fresh and salt 
water, also supports the notion that 
a temperature gradient from 18 to 25 
degrees C. forms a thermal niche for 
adult striped bass. For example, the 
native striped bass in Florida, which 
remain in rivers, congregate at large 
springs (temperature near 2 1  degrees) 
when river temperatures rise above 26 
degrees. In those cool refuges they 
have been seen crowded at high den­
sity, in poor condition and diseased. 
Movement of large striped bass to­
ward cool waters discharged from 
dams seems to be a common phenom­
enon in the Southeast. The seasonally 
changing distribution of striped bass in 
estuaries of the East Coast and in San 
Francisco Bay is also in general agree­
ment with the preferred temperatures 
seen'in our reservoir studies. 

Much other evidence can be cited 
in support of the hypothesis that the 
temperature preference of striped 
bass changes with the age of the fish. 
Growth rates of juveniles in wild pop­
ulations are maximal at the relative­
ly high temperatures of southern lat­
itudes, whereas adults grow faster 
at the relatively low temperatures of 
northern latitudes. Striped bass intro­
duced to reservoirs that have good 
thermal diversity and enough oxygen 
in summer grow well at all ages. 

The evidence seems to be persua­
sive, and it gives perspective to a num­
ber of other observations. For ex­
ample, the prominent and age-specific 
seasonal migrations of striped bass in 
estuaries and coastal waters now seem 
to be better explained by temperature 
preferences than they are by the vague 
notion of "chasing food" that had been 
advanced previously. The tendency 
for the largest ad ults to travel farthest 
into cooler coastal waters is consistent 
with a decreasing preferred tempera­
ture as fish age. In the East the annual 
migrations that put adult striped bass 
off southern New England in the sum­
mer and off the Carolinas in winter 
match the seasonal locations of water 
near 20 degrees C. It is also significant 
that striped bass along the coast of the 
Gulf of Mexico live in rivers rather 
than estuaries. The water of the gulf 
is uniformly warm, whereas the rivers 
have cool spots arising from springs. 

C an the newly recognized impor­
tance of temperature for striped 

bass, particularly the critical need of 
adults for cool water, contribute to the 
management of populations in decline 
or distress? Our data apply most di-

1950 

O MORE THAN 4 MILLILITERS 
PER LITER 

• 2 TO 4 MILLILITERS 
PER LITER 

ELll 0 TO 2 MILLILITERS 
PER LITER 

LOWERED OXYGEN in the cool waters of Chesapeake Bay may have contributed to the 

coinciding decline in striped bass populations. Since 1950 low-oxygen zones have expand­

ed considerably. The data were assembled for the U.S. Environmental Protection Agency. 

rectly to reservoir stocks. Armed with 
the understanding that juveniles need 
warm water and adults need cool wa­
ter with an adequate amount of ox­
ygen, one can choose reservoirs for 
stocking on the basis of their annual 
cycle of physical and chemical condi­
tions. Moreover, it is sometimes possi­
ble to manipulate the seasonal water 
temperature, say by releasing water 
from a dam. The supply of oxygen can 
be improved by controlling the ox­
ygen-depleting materials that enter 
the water. Reduced rates of stocking 
and increased harvests, particularly 
of two-year-old fish, can prevent the 
saturation of limited summer refuge 
space in reservoirs that are warm and 
oxygen-poor. 

It is less certain that the thermal­
niche information can be applied to 
the management of coastal stocks. 
Substantial rewards can be expected if 
the information turns out to be useful. 
The Emergency Striped Bass Research 
Study, coordinated by the U.S. Fish 
and Wildlife Service and the Nation­
al Marine Fisheries Service, estimated 
that the reduction of 90 percent in 
the commercial catch along the East 
Coast since 1973 had by 19 80 cost 
7,000 jobs and a loss in income of $220 
million per year. Fishing moratoriums 
imposed by Maryland and Delaware 
in 19 85 to stem the decline in popula­
tion have increased the economic ef- . 
fects of the striped bass problem. If 
temperature is a key factor in the ecol­
ogy of the species, looking for changes 
in the available thermal-niche space 

where populations are in trouble may 
help to explain the losses and to sug­
gest remedial measures. 

One possibility is that striped bass 
congregate in heavily polluted zones 
of estuaries because of the favorable 
temperatures there and so become ex­
posed to high levels of toxicants. This 
pattern could explain the summer ag­
gregations of striped bass in the San 
Francisco Bay area and the finding by 
Jeanette A. Whipple and Maxwell B. 
Eldridge of the National Marine Fish­
eries Service that those fish carry con­
siderable toxic material in their bod­
ies. Such areas could be given priority 
in pollution control. 

One of the most striking changes in 
the habitat of striped bass along the 
East Coast is the declining oxygen 
content of the cooler waters in Ches­
apeake Bay during the summer. The 
Chesapeake has long been the suppli­
er of most of the young striped bass 
found later as adults in the bay and in 
coastal waters, and it is this stock that 
is declining most rapidly. A survey of 
the bay made in the summer of 1980 
by Kent Price and his colleagues for 
the U.S. Environmental Protection 
Agency showed a temperature-oxygen 
pattern reminiscent of the worst condi­
tions in Cherokee Reservoir; there was 
simply no water sampled that was suit­
able for large striped bass. Moreover, 
the volume of water containing little 
or no oxygen in summer has increased 
considerably since about 1970 and the 
annual onset of low-oxygen conditions 
now occurs earlier. The principal 
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causes appear to be the large growth 
in the human population of the area 
and a rising inflow of nutrients from 
agriculture. 

Is this deteriorating temperature­
oxygen condition important to striped 
bass that have access to the open 
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ocean, as the Chesapeake Bay popula­
tion does? Because one cannot be sure, 
prudence suggests that researchers and 
managers should examine thorough­
ly the possibility that the Chesapeake 
striped bass confront vanishing ther­
mal niches, 
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WATER TEMPERATURE preferred by adult striped bass is lower than the temperature 

of the water most commonly frequented by juveniles. The data, which are typical for striped 

bass, represent the movements of several juveniles in a laboratory tank incorporating ther­

mal gradients and of one tagged adult in Cherokee Reservoir during the summer of 1977. 
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After a lifetime of working, we want you to 
tackle one more job. Maybe the most important 
job you've ever done. We want you to help give 
new lives to 27 million Americans, the 27 million 
who are functionally illiterate. 

Today, illiteracy is more than a problem. It's 
an epidemic that, believe it or not, has reached 
1 out of 5 adults. It robs them of a chance for a 
decent living ... it robs them of the chance for a 
decent life. 

You can change that by joining your 
community in the fight against illiteracy. It takes 
no special qualifications. If you can read, you can 

"'1'1 0 
�J,·c� C.�alition for Literacy 

tutor or help us in countless other ways. And 
because you're who you are ... because you've 
got the patience and the experience in dealing 
with people, you can do it better than others. 

To volunteer, call the Coalition for Literacy 
at toll-free 1-800-228-8813. Beating illiteracy is 
a big job. But you may find it's the most 
rewarding job you've ever had. 

Volunteer Against Illiteracy. 
The only degree you need 

is a degree of caring. 

© 1986 SCIENTIFIC AMERICAN, INC



The Emergence 
of Maya Civilization 

It was once thought to have been sudden. That View has recently 
been overturned: it was a gradual process. Civilization came into 
being well before the beginning of the. Classic period in A.D. 300 

H
ow does a great civilization 

arise? Does it emerge full­
blown in a single episode of 

cultural transformation, or is it the fi­
nal flowering of a long process that en­
tails the patient accumulation of many 
innovations? These two possibilities 
are the extremes of a spectrum. Al­
though one might expect the scholarly· 
view of a particular culture to shift its 
position on the spectrum slightly from 
time to time, it seems unlikely that the 
view of any culture would move from 
one extreme to the other. Yet in the 
case of Maya civilization that is exact­
ly what has happened. What is even 
more remarkable is that the transfor­
mation, which amounts to a revolution 
in our understanding of the origins of 
Maya civilization, has taken little 
more than a decade. 

It has long been clear that the Maya, 
who occupied the Yucatan peninsula 
along with parts of Belize, Guatemala, 
El Salvador and Honduras, developed 
one of the most sophisticated of alJ na­
tive American cultures. At its height in 
the Classic period (from about A.D. 
300 to 900) Maya society was highly 
stratified, with a ruler at the apex of six 
or seven clearly defined social clas­
ses. A complex cosmology held places 
for gods, natural forces and ancestors. 
An elaborate calendar provided the 
framework for ritual and historical 
events. The rituals were enacted at cer­
emonial centers that formed the core 
of great cities. This cultural super­
structure rested on the cultivation of 
maize, and techniques had been devel­
oped for making steep hillsides and 
swamps cultivable. 

A decade ago it was thought that 
Classic Maya civilization sprang into 
being quite suddenly during the third 
century A.D. The preceding period, 
called Pre classic or Formative, was 
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by Norman Hammond 

believed to have been an age of hum­
ble village farming societies. Since 
1975 many discoveries and reassess­
ments of known evidence have radi­
cally changed the accepted picture of 
Preclassic culture. It has been found 
that intensive agriculture above the 
slash-and-burn level was developed 
far earlier than had been thought. 
Huge buildings that have been dated 
to Preclassic times imply substantial 
social and economic organization. Re­
cent excavations show that standard­
ized tools were made in large-scale 
workshops and traded over great dis­
tances. It even seems that some ele­
ments of the Classic intellectual cul­
ture were widespread in Formative 
times. As a result of such findings Pre­
classic culture no longer seems a low­
ly forerunner. On the contrary, it ap­
pears to have been (at least in its 
culmination) the first phase of the 
great Maya civilization. 

One reason scholars have been able 
to accept the idea of advanced so­

cial development in the Preclassic pe­
riod is the discovery that the ancestors 
of the Maya occupied their territory 
much earlier than was known until re­
cently. In 1975 the earliest confirmed 
date of occupation rested on a radio­
carbon date corresponding to a calen­
dar date of about 900 B.C. (Before 
about 400 B.C. there is a discrepancy 
between radiocarbon dates and calen­
dar dates. The radiocarbon dates are 
calibrated with the calendrical ones 
by means of bristlecone pine trees of 
known age. At 900 B.C. the discrepancy 
is about 200 years, and the uncalibrat­
ed date is indicated by lowercase let­
ters: 700 b.c.) Since 1975 the span of 
occupation has been extended by a 
factor of five. It now seems likely that 
the forebears of the Maya and their 

descendants inhabited their territory 
continuously from around the end of 
the last ice age 10,000 years ago. 

The pushing back of the date of oc­
cupation applies to all three of the en­
vironments in which the Maya lived: 
the volcanic highlands of Guatemala, 
the tropical forested lowlands of Be­
lize and the low-lying Yucatan penin­
sula, with its scant rainfall and scrub 
vegetation. At Loltun Cave in the 
Puuc Hills of the Yucatan, Norberto 
Gonzalez Crespo and Ricardo Velas­
quez Valadez of Mexico's National In­
stitute of Anthropology and History 
have uncovered a long sequence of 
cultural deposits. The oldest layers, at 
the bottom of the seq uence, are said to 
contain the bones of animal species 
(such as the native horse) that became 
extinct soon after the end of the Pleis­
tocene ice age. Unfortunately there is 
as yet only a single radiocarbon date 
for the Loltun sequence. That date, 
about 2300 B.C. ( 1800 b.c.), marks the 
end of the pre ceramic layers and the 
making of the first pottery. 

In Belize several stone projectile 
points have been found that bear a 
strong resemblance to those used by 
big-game hunters of the Clovis cul­
ture, who roamed the Great Plains of 
the U.S. between 12,000 and 10,000 
years ago. The best-known of the Be­
lize finds is the Ladyville Point, which 
was discovered by a team from the 
University of Texas at San Antonio 
under the leadership of Thomas R. 
Hester. Richard S. MacNeish of Bos­
ton University has made a series of 
other finds that complement the Lady­
ville Point. MacNeish suggests that his 
finds can be arranged in a sequence ex­
tending from 9000 to 2500 B.C. In the 
highlands of Guatemala a site called 
Los Tapiales has yielded Clovis-type 
points in association with artifacts 
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providing radiocarbon dates of about 
10,000 years ago. In the surrounding 
region of El Quiche a survey by Ken­
neth L. Brown of the University of 
Houston revealed many preceramic 
sites dating from before 2500 B.C. 

The cumulative effect of the recent 
finds has been to demonstrate that the 
entire Maya area had been penetrat-

ed by human beings as long as 8,000 
years before the beginning of the Clas­
sic period. Moreover, the likelihood is 
great that the early occupants were the 
direct ancestors of the Classic Maya 
population. The early date of occupa­
tion renders the notion of Preclassic 
civilization more palatable because it 
allows more time for social develop-

ment. During the 8,000 years that pre­
ceded the emergence of the high Clas­
sic culture, the ancestors of the Maya 
had plenty of time to accumulate the 
economic and technical underpinnings 
of civilization. 

One of the most critical of these un­
derpinnings is agriculture, a subject on 
which the recent findings have had a 

NINE JADE HEADS make up a pair of ritual offerings found at 
two Maya sites. The four heads in the upper row were found by the 
author at Nohmul in Belize. The four in the lower row and the one 
at the bottom were found 28 kilometers away at Cerros by David A. 
Freidel of Southern Methodist University. The author believes both 

rows include the same set of deities: two portraits of the sun god 
(left and second from left), one of the maize god (secolld from right) 
and one of a god of darkness (right). The two sets of heads were 

carved between 100 R.C. and A.D. 100, during the Late Preclassic 

period. The correspondence befween portraits from different sites 
suggests that a shared intellectual culture developed long before the 
beginning of the Classic period in the third century A.D., which was 

formerly thought to mark the beginning of Maya civilization. (The 
head at the bottom may portray the duality of life and death, a 
common theme in subsequent pre-Columbian art. Its left side, which 
is cut away, may depict a skull and its right side a living face.) 
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potent effect. A decade ago it was 
thought that the inception of settled 
farming communities took place in 
about 900 B.C. It is now known that the 
actual date lies between 2500 and 
1250 B.C. (2000 and 1000 b.c.). At 
Cuello in northern Belize, where I di­
rected a National Geographic Society 
expedition from 1978 to 1980, radio­
carbon dates suggest that the first sed­
entary agricultural settlement was es­
tablished in about 2500 B.C. (2000 b.c.) 
[see "The Earliest Maya," by Norman 
Hammond; SCIENTIFIC AMERICAN, 
March, 1977]. The radiocarbon chro-

M X leo 

nology from Cuello has aroused con­
troversy, but even conservative critics 
do not put the beginning of the cultur­
al sequence later than about 1500 B.C. 
( 1200 b.c.). 

The early corn farmers at Cuello 
form part of the history of the Ear­

ly Preclassic phase, which lasted until 
about 1250 B.C. Maize farming was 
not the only cultural innovation that 
the Early Preclassic villagers at Cuello 
possessed. They constructed plaster­
surfaced house platforms around pat­
ios and built wood-framed thatched 
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MAYA TERRITORY includes parts of 
Mexico, Guatemala, Belize, western Hon­
duras and El Salvador. The area includes a 

wide range of environments, from the vol­
canic highlands of southern Guatemala, 
through the tropical forested lowlands of 
northern Guatemala and Belize to the flat, 
low-lying peninsula of Yucatan with its 
meager rainfall. Many of the sites that have 

contributed to the recent reevaluation of 
Maya prehistory are in the tropical forests 

of the northern lowlands. Maya-speaking 
people are found throughout this area to­
day, occupying the same range as the civili­

zation of their forebears, although the once 
populous northern Guatemala heartland is 
occupied only by farmers and small towns. 

houses on them. They made compe­
tent pottery in a variety of COIOl:S and 
shapes. In the succeeding period, the 
Middle Preclassic, which lasted from 
1250 to 450 B.C. (400 b.c.) the cultural 
repertoire of the villagers was aug­
mented by the expansion of interre­
gional trading networks. The trad­
ing networks brought obsidian from 
sources near Guatemala City and jade 
from central Guatemala north to com­
munities in the lowlands. 

In spite of the growth of trade, Maya 
society at the beginning of the Middle 
Preclassic period retained a village 
farming character that largely corre­
sponds with the previously accepted 
picture of life in the Preclassic period. 
Later in the Middle Preclassic, howev­
er, crucial changes took place that be­
gan to lift Maya society above the 
plane of the agricultural village. Those 
changes, which were concentrated in 
the three centuries preceding 450 B.C., 
are not yet well understood. Indeed, 
considerable difficulties stand in the 
way of understanding them, since the 
artifacts needed for full comprehen­
sion are in many instances buried un­
der tons of material from later con­
struction. Yet what happened near the 
end of the Middle Preclassic poses 
some of the most significant questions 
in New World archaeology, because 
by the beginning of the Late Preclassic 
in 450 B.C. a society quite different 
from that of the village farmers had 
emerged. Indeed, during the six or sev­
en centuries of the Late Preclassic pe­
riod true civilization appeared. 

It is possible to find evidence of the 
transformation even at a site as small 
as Cuello, which in Late Preclassic 
times was a large village of about 
1,000 residents. The ceremonial core 
of the Middle Preclassic community 
at Cuello was a small courtyard sur­
rounded by wood buildings on plat­
forms. In about 450 B.C. the courtyard 
was converted into a broad open plat­
form capable of holding a large au­
dience (or congregation); at the west 
end of the platform a small pyramid 
was erected. During the 1980 digging 
season we found that the conversion 
had been accomplished by filling the 
courtyard with rubble to the level of 
the surrounding platforms. The wood 
temples were burned and the facades 
of their substructures were ripped 
apart in a deconsecration ritual. 

At the center of the courtyard a sau­
cer-shaped depression was left in the 
rubble, and in it were put some two 
dozen butchered human bodies. Frank 
and Julie M. Saul of the Medical Col­
lege of Ohio at Toledo have analyzed 
the remains and found that all the vic­
tims were young; it is likely that all 
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were male. Accompanying the hacked 
bodies were pottery vessels and half a 

'dozen carved bone tubes. The tubes 
may have been handles for bloodlet­
ting implements like those employed 
in rituals of the Classic period; they 
may also have been handles for feath­
er fans. More important than their pre­
cise function, however, is the fact that 
five of them bear a carved design that 
is clearly identifiable as the Maya pop 
(a woven mat). The pop was used by 
Maya rulers and was equivalent to a 
throne or a crown in modern iconogra­
phy as an emblem of royal authority. 

The discovery of the carved tubes 
suggests that by 450 B.C. there were 
rulers who had established both the re­
ality of royal power and its symbolic 
expression. None of these rulers, how­
ever, could be interpreted as having 
held sway over more than a limited 
area. Even during the florescence of 
the Classic period Maya society was 
not unified under a central authority. 
Instead its political structure resem­
bled that of Renaissance Italy: a patch­
work of independent polities varying 
greatly in territory, riches and military 
power. The findings from Cuello are 
too fragmentary to demonstrate con­
clusively that the basis of this political 
patchwork had been established by 
450 B.C. Yet a growing number of find­
ings suggest that midway through the 
Late Preclassic (or not long before the 
birth of Christ) real political power 
had been forged. 

One interesting piece of evidence is 
that the Maya population grew 

considerably during the Late Preclas­
sic phase. There are many more Late 
Preclassic sites than there are Middle 
Preclassic sites, and the later ones tend 
to be larger and more densely packed 
in the landscape. Our survey of north­
ern Belize, carried out in 1973 and 
1974 under the auspices of the British 
Museum and the Corozal Project of 
the University of Cambridge, revealed 
that after 450 B.C. there were four 
times as many sites as there had been 
in the region before then. Of course 
population growth does not in itself 
imply the development of political 
power. The rapid demographic growth 
of the Late Preclassic, however, was 
accompanied by an increase in the 
scale of economic projects. The scope 
of those projects suggests that they 
were directed by rulers who possessed 
both considerable administrative skill 
and substantial authority. 

One area where authority does seem 
to have been present before Classic 
times is agriculture. It has been known 
for some time that during the Clas­
sic period slash-and-burn techniques 
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MAYA CHRONOLOGY can be described in several ways, as the chart shows. The first 
column displays dates in the Gregorian system. The second column displays uncalibrated 

radiocarbon dates, which differ from calendar dates by an amount that increases with the 
interval from 100 B.C. The third column displays dates in the Maya system. The Maya 
calendar was a linear progression divided into 400-year cycles called baktullob; it began in 

3114 B.C. with the most recent of several creations of the universe. The fourth, fifth and 

sixth columns show the periods into which scholars have divided the development of Maya 
culture in the three main zones the Maya occupied. Recent finds have pushed the earliest 

date of human occupation in the Maya area from 900 to 9000 B.C. and shown that many of 

the crucial elements of Maya civilization were formulated in the Late Preclassic period. 

were supplemented by more intensive 
forms of cultivation entailing modifi­
cation of the land. For example, hill­
sides were modeled into terraces. The 
terraces prevented erosion by trapping 
soil as it washed downhill and made 
otherwise uncultivable areas produc­
tive. Large areas were cleared and ter­
raced in one operation, which suggests 
that the work was directed by a single 
source of authority. Once the land was 
divided into terraced fields it may 
have been allocated to individuals to 
farm. A similar level of organization 

and authority is implicit in the drain­
ing of swamps. In the wetlands of river 
valleys and in slow-draining basins 
such as Bajo de Morocoy on the Yuca­
tan or Pulltrouser Swamp in northern 
Belize canals were cut to create 
drained or raised fields, transforming 
the damp margins into land that could 
be farmed seasonally or even the year 
round. 

Recent work suggests that similar 
techniques were developed well before 
the beginning of the Classic period. 
The earliest example of drained fields 
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comes from Cerros, a site on the coast 
of Belize. The ceremonial core of the 
Preclassic site at Cerros lies on a small 
peninsula, and it was separated from 
the mainland by a canal 1,200 meters 
long. Vernon L. Scarborough, working 
at Southern Methodist University, 
showed that the canal was dug some­
time between 200 and 50 B.C. The ca­
nal was six meters wide at its broadest 
point and more than two meters deep 
in places. Running into the main ca­
nal was a feeder channel draining a 
small group of fields that had been cut 
from a scrub-filled depression. Be­
cause there are only a few drained 
fields at Cerros, the contribution they 
made to the local economy cannot 
have been great. Yet their existence 

demonstrates that the development of 
technology for diverting and channel­
ing water supplies was well under way 
in Preclassic times. 

That conclusion is supported by the 
discovery at Edzna, a city in the 

coastal plain of Campeche, of water­
works that are several orders of mag­
nitude larger than those at Cerros. The 
main structure of the waterworks, 
which date from the Late Preclassic, is 
a canal 12 kilometers long extending 
south from the city toward the nearby 
Rio Champot6n. At the north end of 
the canal is a moated complex that was 
probably a ceremonial precinct but 
was originally called a fortress. The 
moat, still filled today, is as much as 

100 meters across; most of the 253,000 
cubic meters of soil and limestone tak­
en out of it was used in the construc­
tion of the ceremonial complex, which 
took place between 200 B.C. and A.D. 
100. Fanning out from the north side 
of the city center are seven shorter ca­
nals that fed reservoirs and provided 
canoe transport. The scale of construc­
tion at Edzna is staggering. Raymond 
T. Matheny of Brigham Young Uni­
versity has estimated that altogether 
the waterworks may have provided 
2.25 million cubic meters of water 
storage and taken 1.7 million man­
days of labor to construct. 

Projects such as those at Edzna and 
Cerros show that Preclassic Maya 
communities had an agricultural econ-

DRAINED FIELDS were created by the Maya in swampy areas 

that would otherwise have been uncultivable. The fields in the pho­
tograph are on the edge of Nohmul, a large Late Preclassic city 
near the Belize-Mexico border. The water was drained into the 

small channels between the fields and then into larger canals, which 

are at the left of the grid of fields. Recent excavations have shown 

that during the Late Preclassic period the Maya developed tech­

niques for draining fields and terracing hillsides that raised agricul­
ture well above the slash-and-burn level. The author is currently 
directing an excavation at Nohmul sponsored by the National Geo­
graphic Society and the British Museum; further work there may 
show that the fields in the photograph are of Late Preclassic origin. 
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omy based on a high degree of col­
lective organization. Findings from 
Colha, a site south of Cerros, show 
there was also an organized manu­
facturing economy supplying a trad­
ing network for regional distribution. 
Colha lies in the coastal-swamp belt of 
eastern Belize on a massive seam of 
chert nodules. (Chert is a stone much 
like flint). Initial excavations from 
1973 to 1975 by the Corozal Project, 
of which I was the director, proved 
that Colha was an important site in 
Preclassic times. Further work since 
1979 by Hester and Harry J. Shafer 
of Texas A&M University has demon­
strated the scale of the manufacturing 
activities carried out there. 

W ithin the six square kilometers 
of the site nearly 1,000 Maya 

mounds have been identified by the 
two projects. Many of the mounds 
were platforms for dwellings, but Hes­
ter and Shafer have identified 89 as 
chert workshops and shown that at 
least 32 of the workshops were func­
tioning during the Late Preclassic peri­
od. The remains found at Colha indi­
cate that a limited range of tools were 
made there. The commonest were 
large oval axes and hoes, which served 
as general-purpose tools for clearing 
brush and working the land. Another 
product of the workshops was a type 
of adze made by the "tranchet" tech­
niq ue, in which the sharp edge was 
formed by detaching a final curved 
flake from the bit end of the tool. 

The curved flakes, which have been 
dubbed "orange peels" because they 
resemble bits of discarded rind, make 
up a significant fraction of the waste 
left at the site of the workshops. The 
thick beds of waste flakes are 1.5 me­
ters deep in some places, and they con­
tain nearly five million flakes per cu­
bic meter. Such copious debris pro­
vides a means of gauging the rate of 
production. For example, by sampling 
the orange peels lodged among the 
other stone flakes Hester and Shafer 
have calculated that the workshops at 
Colha produced a total of more than 
two million tranchet adzes. 

Even if the factory had functioned 
continuously during the 650 years of 
the Late Pre classic period, the annual 
output of tranchet adzes could not 
have been less than about 3,000. To 
that sum must be added an even larger 
number of oval axes and other tools, 
which are more difficult to count be­
cause their manufacture did not leave 
a single striking remnant such as the 
orange peel. The total is clearly too 
large to have been used exclusively by 
the local population, and Colha prod­
ucts were indeed widely distributed. 

"LOST WORLD" PYRAMID at Tikal in Guatemala suggests the scale of construction of 
which Preclassic Maya societies were capable. The pyramid is more than 30 meters tall and 

has only recently been excavated. Built in the second half of the Late Preclassic period, it 
is surrounded by other slightly later buildings that form a ceremonial center. When Tikal 
was first explored by archaeologists, it was assumed that these structures were built in 
about A.I). 700. Excavation has shown they were constructed at least 400 years earlier. 

They have been found throughout 
northern Belize and as far away as EI 
Mirador and Uaxactun in Guatemala. 
In spite of the fact that many Maya 
communities had chert-tool work­
shops, standardized implements from 
Colha captured much of the market 
within a radius of 40 kilometers and 
were in demand more than 160 kilo­
meters away. 

The findings from manufacture and 
agriculture leave the impression of a 
society on the verge of civilization. 
That impression is strengthened by 
considering the Late Preclassic cere­
monial centers. During the Early and 
Middle Pre classic periods ceremonial 
complexes were relatively small units 
standing at the center of farming com­
munities. By the Late Preclassic they 
had grown much larger and stood at 
the center of towns, foreshadowing the 
spatial and demographic organization 
of Classic society. 

The site where such developments 
are evident earliest is Komchen in the 
northern Yucatan, which E. Wyllys 
Andrews V of Tulane University has 
estimated was a densely nucleated 
community of between 3,000 and 
5,000 people. In the center of Kom­
chen five large platforms surround a 
plaza some 80 by 150 meters. Two of 

the platforms are long, narrow, tall 
structures reached by two stairways 
apiece; the others are broad and lower. 
A raised causeway links two of the 
platforms. The entire complex was 
erected in the first century of the Late 
Preclassic, between 400 and 300 B.C. 

As the social impulse behind the con­
I\. struction of such monuments be­
came stronger, structures were built 
that dwarfed the ones at Komchen. At 
Nohmul our recent expedition, spon­
sored by the National Geographic So­
ciety, has uncovered a Late Preclassic 
center of the third century A.D. The 
central plaza there, 130 meters across, 
was flanked on the east and west by 
large, low mounds that probably sup­
ported wood buildings. On the north 
side was the "acropolis": a platform 
more than 6,000 square meters in area 
rising 10 meters above the natural soil 
level. That platform, built in one con­
tinuous operation of limestone blocks 
quarried a few hundred meters from 
the building site, contained as much 
construction material as the entire 
group of mounds at Komchen. The 
scale of social organization required in 
the construction of Nohmul is suggest­
ed by the fact that as much as 100,000 
cubic meters of limestone went into 
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STONE AX found in the Rio Hondo near San Antonio on the Belize-Mexico border retains 

its original handle of AlIllolla (custard apple) wood. Blackened by 2,000 years of immersion 

in river water, the ax may have been used for cutting brush and hoeing fields; microscopic 
examination reveals none of the marks that result from felling trees. The oval axhead is 

about 20 centimeters long. (Each division of the measuring bar is one centimeter.) The 
ax head was made at Colha in Belize, about 40 kilometers from San Antonio. In late Pre­

classic times Colha was the site of a factory that turned out thousands of stone tools every 
year. The ax was found by the late Dennis E. Puleston of the University of Minnesota. 
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the plaza and the adjacent platforms. 
Just as the spatial arrangement and 

scale of construction at sites such as 
Komchen and Nohmul suggest transi­
tional forms, so some of the most in­
teresting architecture there foreshad­
ows Classic designs. On top of the 
acropolis at Nohmul we found the 
postholes that formed the foundation 
of a long, rectangular hall built of tim­
ber. Across its width were three aisles 
spanning more than seven meters; 
down its length were at least eight bays 
covering more than 23 meters. Such a 
structure was far too large to have 
been a simple residence, and it lacked 
the typical plan of a Maya temple. The 
most plausible interpretation is that 
the long hall was a predecessor in 
wood of the stone "palaces" of the 
Classic period. The palaces, found at 
many major sites, are thought to have 
housed the rulers of Maya cities along 
with members of their administration; 
they comprised many house-size mod­
ules built of masonry and set end to 
end in an overall design not unlike that 
of the building on the acropolis. 

Similarly, the pyramids that form a 
significant element of Classic peri­

od architecture began to assume mon­
umental proportions during the Late 
Preclassic. At Nohmul there is a sec­
ond concentration of buildings north­
west of the acropolis, including an iso­
lated temple pyramid some 17 meters 
high that we think dates from the Late 
Preclassic. Other Late Preclassic sites 
include much larger pyramids. At La­
manai, some 60 kilometers south of 
Nohmul, stands the massive Structure 
NI0-43. That pyramid is more than 30 
meters high and is surmounted by a 
cluster of three small temples; David 
Pendergast of the Royal Ontario Mu­
seum in Toronto has shown that the 
entire edifice is of Late Preclassic con­
struction. The famous "Lost World" 
pyramid at Tikal, of comparable size, 
was built at about the same time, as 
were the deep trench and rampart 
around the center of Becan, which 
have a circumference of about 1,900 
meters and were apparently defensive 
in function. These structures are so im­
posing that when they were discovered 
it was immediately assumed they be­
long to the peak of the Classic period; 
only careful excavation has shown 
that they were built from four to eight 
centuries earlier. 

The degree of economic and social 
organization implicit in the monumen­
tal works at Tikal, Lamanai, Nohmul 
and other sites is impressive. Yet what 
most people instinctively associate 
with the word civilization is not the 
organized mobilization of manpower 
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BONE TUBE carved with a design that may symbolize royal au­
thority was found at Cuello in Belize. The bone comes from an 
unidentified large mammal, perhaps a jaguar. The carved design 
represents a pop, the woven mat used by Maya rulers. The tube, 
which may have been the handle of an instrument for ritual blood-

letting, was found in a shallow pit among the bones of two dozen 
young men. They were apparently sacrificed when the ceremonial 
center at Cuello was rebuilt in about 400 B.C. The pop motif sug­
gests that by the beginning of the Late Preclassic period Maya rul­
ers had established the reality and the symbols of royal command. 

but intellectual and cultural accom­
plishments of a high order. One site 
that offers evidence of both forms 
of social advancement is EI Mirador, 
which lies in the remote country near 
the border between Mexico and Gua­
temala. EI Mirador was discovered by 
Europeans from the air in the 1920's. 
In 1962 it was explored and mapped 
by Ian J. A. Graham of Harvard Uni­
versity. Because of the style of con­
struction and the lack of monuments 
with inscribed calendar dates, Graham 
concluded that El Mirador was built 
before the beginning of the Classic 
period. 

Decent work by a team from the New 
.R World Archaeological Founda­
tion under the direction of Matheny 
has revealed how large El Mirador is 
and has uncovered some intriguing ex­
amples of Preclassic intellectual cul­
ture. The heart of the site is an area of 
dense construction about one kilome­
ter by 800 meters. Within the core are 
two pyramids called El Tigre and 
Monos that are among the largest 
buildings ever raised by the Maya. 
Constructed in about 150 B.C., each 
pyramid holds more than a quarter of 
a million cubic meters of construction 
fill. At 55 meters, El Tigre is as tall 
as an 18-story building. Clustered on 
its top are three temples in a triangu­
lar arrangement. The triangular form, 
which is repeated on a larger scale 
by two pyramids that flank EI Tigre, 
seems to be a characteristic motif of 
Late Preclassic ritual architecture. 

The pyramid flanking El Tigre to 
the south, known as Structure 34, has 
been excavated, and the results con­
firm that some elements of the Classic 
period cosmology had emerged in a 
clear form by the Late Pre classic. On 
Structure 34 Matheny's team found 
several modeled stucco masks, each 
depicting a jaguar more than two me­
ters tall. Some parts of the mask are 
black and the background is cream­
colored, but the claws and teeth are 
painted red. 

The pairing of red and black is a 
common feature of Classic Maya art 
that first appears in the Late Preclas­
sic. The duality has a ritual signifi­
cance, because red is associated with 
East and black with West; the daily 
transit of the sun from one to the other 
is the dominant axis of Maya cosmog­
raphy. It is my thesis that red and 
black are conscious transformations 
of each other, derived from observa­
tions by the Maya that pottery vessels 
fired red in an oxidizing atmosphere 
turn black when they are refired under 
reducing conditions and turn red again 
on reoxidation. Late Preclassic pot­
tery, which frequently has controlled 
areas of red and black, shows that 
Maya craftsmen understood the phe­
nomenon beginning in the fourth cen­
tury B.C. 

Two kilometers east of El Tigre is 
the largest complex of buildings at El 
Mirador; indeed, it is perhaps the larg­
est in Maya history. The complex is 
known as Danta. It consists of two 
terraces, each more than 300 me-

ters wide, carved out of a hillside like 
two gigantic steps. Immediately above 
them sits a two-tiered temple that is 10 
stories tall. he temple is much higher 
than the foliage of the surrounding 
rain forest and is visible from a great 
distance. The visual aspects of the pyr­
amid are closely related to its ritual 
significance. To an observer on El Ti­
gre, at about the time of the vernal 
equinox in certain years Jupiter, Mer­
cury, Mars and Saturn all seem to rise 
out of the top of the Danta pyramid. 
Many sites of the Classic period were 
designed to capitalize on celestial phe­
nomena, and some sites constructed 
near the end of the Late Preclassic in 
A.D. 300 already show such planning. 
The ceremonial complex at El Mir­
ador, built some 400 years earlier, 
suggests that Maya knowledge of the 
heavens developed long before the be­
ginning of the Classic period. 

The iconographic and astronomical 
competence displayed at El Mira­

dor are not isolated specimens. Arti­
facts from a variety of sites show that 
most of the elements of the shared in­
tellectual culture typical of the Classic 
period had begun to be articulated and 
brought into relation with one another 
during the Late Preclassic. Among the 
central elements of that shared culture 
were literacy and numeracy. The most 
important functions served by those 
skills included depicting the gods and 
showing how the relations between 
gods and human beings underlay the 
succession of rulers in the Maya com-
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munity. Such functions can be seen 
quite clearly in artifacts from the Late 
Preclassic. 

The shared pantheon of the Late 
Preclassic is illustrated by findings 
from Cerros and Nohmul. At Cerros 
an offering found in the top of Struc­
ture 6B (a temple pyramid) included 
four jade heads of three facial types. 
An identical offering was discovered 
at Nohmul, 28 kilometers away, in the 
foundation of a small temple. More­
over, examples of at least two of the 
types of head have been found at sites 
spread across the Yucatan peninsula, 
suggesting that the population of the 
entire northern lowlands understood 
and embraced the iconography em­
bodied in the stone heads. What might 
that iconography be? 

I interpret the four heads as repre­
sentations of three Maya gods. More­
over, I think they are the same gods 
depicted on the well-known Pomona 
jade flare. Jade flares were circular ear 

ornaments worn by Mayas of high sta­
tus. In 1949 a particularly large and 
beautiful flare was discovered in a 

. tomb at Pomona, a small site on the 
coast of Belize. By examining pottery 
found in the same tomb as well as the 
notes of the first scholars to see the 
flare, I have been able to assign the 
flare a date in the second part of the 
Late Preclassic period, perhaps about 
A.D. tOO. The flare is a beautiful piece 
of jewelry, but its main interest lies in 
the four profile heads and the signs en­
graved around its circumference. 

Two of the heads depict Kinich 
Ahau, the sun god, who is identified by 
the glyph (sign) for the Maya word kin 
on his cheek. The third profile is that 
of the maize god; the fourth is a long­
lipped deity with the sign for akbal, or 
darkness, on his cheek. The maize god 
and the sun god opposite him are iden­
tified by the numbers 8 and 4 respec­
tively; those are the numbers of which 
they were the patrons. The other signs 

CARVED SEALS found at Cuello show that the Maya were numerate in Late Preclassic 

times. The seals may have been used for indicating the ownership of skins or cloth. The 

lower one bears the Maya number 9: a bar and four dots. (A bar stands for 5 and a dot for 

1. The relevant bar is the line to the right of the dots; the line to the left is part of the 

carved design around the number.) The seals were found in a tomb inside the Cuello pyra­

mid, which was built in about A.D. 100, but even earlier bar-and-dot inscriptions are known. 
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associated with the heads have been 
deciphered by John S. J usteson of Yas­
sar College and Will Norman of Tu­
lane as a statement in an early version 
of the Yucatec Maya dialect about the 
interaction of the gods and the acces­
sion of a ruler. Justeson and Norman 
think the accession may be that of 
an early ruler of Yaxchilan, a major 
Maya city on the Rio Usumacinta far 
from Pomona. 

The signs engraved on the Pomo­
na flare yield some significant conclu­
sions. In the first place, the numbers 
associated with two of the profiles 
show that the Maya system of enumer­
ation had developed by about A.D. 100. 
(In the Maya system a dot stands for 1 
and a bar stands for 5. Additional signs 
indicating position make it possible 
to compile very large numbers from 
these simple elements.) We found an 
example of the same bar-and-dot writ­
ing at Cuello. A tomb inside the pyra­
mid there held several seals of roughly 
the same age as the Pomona flare. One 
of the seals bore the number 9: a bar 
and four dots. That finding reinforces 
the hypothesis that numeracy was part 
of the emerging intellectual complex 
of the Late Preclassic. 

Perhaps even more significant is the 
conj unction of signs designating 

gods, ruler,s and numbers. One of the 
hallmarks of Classic Maya civilization 
is the recording of dates in the reign of 
a particular ruler. The dates, along 
with portraits of the ruler, were gener­
ally recorded on stone pillars called 
stelae. They served to commemorate 
the royal person and to rationalize his 
reign by connecting him with the gods. 
Indeed, in some instances the ruler is 
portrayed in a godlike guise. Stelae 
with dates and inscriptions were long 
taken to be one of the defining charac­
teristics of the Classic period. Until a 
generation ago their appearance was 
dated at A.D. 300, but the discovery of 
Stela 29 at Tikal, bearing a date equiv­
alent to 292, suggests the formal be­
ginning of the Classic period should 
perhaps be set at 250. 

Whatever date is chosen for the for­
mal beginning of Classic times, it is in­
creasingly clear that many elements of 
the "stelae cult" appeared during the 
Late Preclassic. At Cuello we found a 
plain stela that is only about 80 centi­
meters tall, far less than the fully de­
veloped stelae of the Classic period. 
The small stela was found on Platform 
34 in front of the Late Preclassic pyra­
mid, but excavation of the platform 
showed the stela had been erected 
when an earlier platform floor was 
in place. We believe the stone monu­
ment was put up between A.D. 50 and 
100, or as much as 200 years before 
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the beginning of the Preclassic peri­
od. The Cuello stela lacks carving, 
but Late Pre classic monuments with 
portraits of rulers and even hiero­
glyphic inscriptions have also been 
found. Among them are works at El 
Mirador and a rock carving at San 
Diego in Guatemala. 

All these Late Preclassic objects 
must be considered transitional in that 
they lack a crucial feature of stelae 
from the Classic period: inscribed 
dates in the Maya calendar. Even that 
final touch has been supplied by a few 
stone objects predating Classic times. 
A looted stela, currently in Seattle, has 
an inscribed hieroglyphic date eq uiva­
lent to A.D. 199. Perhaps the earliest 
inscribed monument from the Maya 
lowlands, however, is a fragment of an 
altar from Polo I in Guatemala. On the 
fragment two richly clad figures flank 
a column of numbers. At the top of the 
column is a sign known as the Initial 
Series Introducing Glyph, which an­
nounces a calendrical date. Unfortu­
nately the stone is too eroded for the 
date to be read, but John A. Graham 
of the University of California at 
Berkeley believes that it falls within 
Cycle 7 of Maya time, which ended in 
A.D. 41. The correct date could be con­
siderably earlier, since Graham notes 
striking parallels between the altar and 
two stelae from Abaj Takalik, a site 
he investigated on the Pacific coast of 
Guatemala. Although the latest possi­
ble date for the Abaj Takalik monu­
ments is not long after A.D. 100, the 
earliest is about 300 B.C. 

The development of calendrical in­
scriptions was only the last step in 

a long process of cultural advance that 
took place during the Late Preclassic. 
When the process was complete, the 
Maya had accumulated almost all the 
trappings of Classic civilization. Dis­
tinct representations of gods and rul­
ers had been developed; those depic­
tions were accompanied by both writ­
ing and numbers. The elaboration of a 
shared intellectual culture rested on a 
series of economic and social innova­
tions that took up the long preceding 
stretches of the Late and Middle Pre­
classic periods. One of the most im­
portant questions remaining to be an­
swered is why the process of social 
development accelerated so greatly 
just before the beginning of the Late 
Preclassic period. Perhaps in the dec­
ade to come that question, along with 
many others, will be answered. No 
matter how striking the revelations of 
the coming years may be, however, 
they will be hard put to match those of 
the past decade, which have radical­
ly transformed our view of the emer­
gence of Maya civilization. 

HIEROGLYPHIC 
TEXT IN 

Y UCATEC MAYA 

EAST 
SUN GOO 

NORTH 
SUN GOO 

FOOT����( �:J 
o 0 0 OMAYA 

NUMBER 4 
HIEROGLYPHIC 
TEXT IN 
Y UCATEC MAYA 

I� WEST 
GOD OF 

DARKNESS 

GLYPH FOR 
AKBAL 
(DARKNESS) 

�MAYA 
FOOTPRINT t 

..
. .c? 0 NUMBER 8 

GLYPH • .,.--w) ) 

MAIZE GOD 

SOUTH 

MAIZE TENDRIL 

JADE FLARE found in 1949 at the Pomona Ranch in Belize bears examples of Preclassic 

Maya writing. The flare, 18 centimeters across, is an ear ornament meant to be worn on a 

headdress. As the footprint glyphs suggest, the symbols are read clockwise. Beginning at 

the left there appear: the sun god next to an inscription in the Yucatec Maya dialect; 

another depiction of the sun god, patron of the number 4; a god of darkness, and the maize 

god, patron of the number 8, with maize growing from his head. That the portraits on the 

flare match the heads found at Cerros and Nohmul shown on page 107 suggests how unified 

Maya culture was in Late Preclassic times. John S. Justeson of Vassar College and Will 

Norman of Tulane University interpreted the hieroglyphics as being in the Yucatec dialect. 
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THE AMATEUR 
SCIENTIST 

Retracing the steps by which aluminum 
metal was initially purified back in 1886 

by Jead Walker 

The us, aluminum industry owes 
its existence to the remarkable 
work Charles Martin Hall did a 

century ago when he discovered a way 
to make pure aluminum metaL Nor­
man C. Craig of Oberlin College has 
recently retraced Hall's steps, In de­
scribing Craig's adventure I rely on 
manuscripts by him and on historical 
research by Emily Nunn and William 
Bigglestone, 

Hall made his discovery at the age 
of 22, eight months after he was grad­
uated from Oberlin, His laboratory 
was in a woodshed behind his parents' 
house; his primitive equipment includ­
ed several items he had made himself. 

�--=� Conncct·mg 

Although he had pored over chemistry 
books since he was quite young, he had 
taken only two quarters of chemistry 
at college. His teacher there was Frank 
F. Jewett, 

Jewett lectured on the properties of 
aluminum, displaying a lump of the 
metal he had brought back from Eu­
rope. The chemical methods then em­
ployed to make the metal were so cost­
ly that aluminum sold for about the 
same price as silver. Jewett told his 
students that the person who found a 
method for producing aluminum com­
mercially would benefit the world and 
make himself rich. Hall, who had al­
ready studied aluminum metallurgy, 
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turned to another student and said, 
"I'm going for that metaL" 

At the time the method of making 
aluminum metal had not advanced 
much beyond the work done in 1825 
by Hans Christian Oersted, the Dan­
ish scientist who is remembered for 
his pioneering research on electricity, 
Oersted heated a mixture of dilute po­
tassium amalgam (potassium metal 
dissolved in mercury) and aluminum 
chloride. After removing the mercury 
by distillation, he found a small, gray 
lump of material that he supposed was 
aluminum metaL In 1827 the German 
chemist Friedrich Wohler undertook 
to repeat the experiment. Failing to do 
so, he substituted potassium metal for 
the potassium amalgam. By means of 
this substitution the experiment yield­
ed aluminum only as a black powder. 
Not until 1847 did Wohler succeed in 
obtaining a sample of aluminum that 
was large enough to reveal the charac­
teristics of the metaL 

In 1854 the French chemist Hen­
ri Etienne Sainte-Claire Deville im­
proved on Wohler's procedure by sub­
stituting sodium metal for potassium 
metaL A sample of aluminum pro­
duced by Sainte-Claire Deville's tech­
nique was exhibited at the 1855 Paris 
Exposition. The metal was demonstra­
bly strong, light in weight, durable and 
resistant to corrosion. Among those 
who were impressed was Napoleon III, 
who envisioned outfitting his army 
with aluminum equipment for the im­
pending war with Prussia. Commis­
sioned by Napoleon, Sainte-Claire De­
ville improved his techniques, but alu­
minum still cost too much for wide 
use, From 1860 to 1880 the worldwide 
production of aluminum was about 
1. 5 tons per year. 

By the 1880's the world knew of alu­
minum's industrial possibilities. Hall 
started his work against this back­
ground. Initially he tried, as other ex­
perimenters had, to reduce aluminum 
from aluminum oxide (alumina) by 
purely chemical means. He and his 
older sister, Julia, prepared the alumi­
num oxide from household alum and 
washing soda. (Julia helped in many 
other ways, drawing on her college 
background in chemistry,) 

Hall also attempted to red uce the 
cost of producing aluminum with the 
Sainte-Claire Deville method by seek­
ing an inexpensive way of preparing 
anhydrous aluminum chloride. In ad­
dition he experimented with the re­
action between sodium metal and the 
sodium aluminum fluoride called cry­
olite (AIF 3.3 N aF), trying to find a new 
and inexpensive chemical reduction 
method. None of the experiments 
showed promise. 
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While Hall was still in college he 
and Jewett had begun to investigate 
whether or not an electric current 
might make pure aluminum from an 
aluminum salt dissolved in water. The 
dissolved salt yields positive ions of 
aluminum. Hall and Jewett hoped that 
when current passed through the solu­
tion, electrons in the current would 
combine with the aluminum ions, cre­
ating aluminum metal. 

These electrolysis experiments re­
quired several amperes of direct cur­
rent. It was difficult to produce elec­
tricity in a small town such as Oberlin, 
and so Hall and Jewett resorted to a 
classical electrochemical cell invent­
ed earlier in the 19th century by Rob­
ert Wilhelm Bunsen, whose gas-burner 
design is still found in laboratories. A 
battery, sometimes known as a Bun­
sen-Grove battery, consists of one or 
more cells. Each cell centers on a po­
rous ceramic cup holding concentrat­
ed nitric acid. A carbon-rod electrode 
is inserted in the acid. The cup rests in 
a container filled with a dilute solu­
tion of sulfuric acid (one part acid to 
10 parts water). The electrode in the 
sulfuric acid is a sheet of zinc that 
is curved around the container until it 
almost forms a cylinder. The battery 
produces about 1.9 volts across the 
terminals, with the carbon rod acting 
as the positive electrode. 

At the anode the zinc is converted 
into ZnH (a positive ion) with a re­
lease of electrons. At the cathode elec­
trons combine with H+ and N03- to 
yield nitrogen dioxide gas and water. 
Hall's battery employed seven of the 
cells. Depending on how he connected 
them, they generated between five and 
10 amperes of current. 

The initial electrolysis experiments 
were carried out with aluminum fluo­
ride dissolved in water. To Hall and 
Jewett's disappointment the products 
of the reaction were hydrogen gas and 
aluminum hydroxide at the cathode. 
These experiments were done in Jew­
ett's laboratory during Hall's senior 
year. After his grad uation in 1885 Hall 
moved most of his research to the 
woodshed. 

Since water solutions of aluminum 
salts had proved unpromising, Hall be­
gan to consider dissolving aluminum 
oxide in fused salts: salts heated to 
their melting point. Most fused salts 
are liquids similar to water in viscosity 
and thermal conductivity. Moreover, 
they cond uct electricity well. (The idea 
of dissolving aluminum oxide in any­
thing was bold at the time because the 
material was regarded as inert. For 
this reason it was commonly included 
in firebricks.) 

The coal-burning furnace Hall had 
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Reactiolls ill the Hall-Heroult alulIlillulIl process 

used in earlier experiments could not 
generate and sustain the high tempera­
ture needed for the work with alumi­
num. Hall therefore set up a gasoline 
burner to heat the interior of an iron 
tube that he lined with clay. Although 
the new furnace could melt some flu­
oride salts such as potassium and so­
dium fluorides, it could not melt oth­
ers such as calcium fluoride, alumi­
num fluoride and magnesium fluoride, 
each of which liquefies only at a tem­
perature of at least 1,260 degrees Cel­
sius. Unfortunately the pure fluoride 
salts that did melt in the furnace dis­
solved little aluminum oxide. 

Hall was an avid reader of Scientific 
American, which was then a weekly pe­
riodical. Craig believes Hall's work in 
electrolysis was spurred by a short 
item in the issue for October 24, 1885, 
reporting the success of a Mr. Graetzel 
in producing pure magnesium from a 
fused chloride salt through an electro­
lytic process. Hall later acknowledged 
that the process he discovered was 
similar to Graetzel's. 

Hall still had to deal with the fact 
that his furnace could not produce 
temperatures high enough to melt 
some of the pure salts that might dis­
solve appreciable amounts of alumi­
num oxide. He decided to experiment 
with cryolite, a mixture of sodium flu­
oride salt and aluminum fluoride salt. 
Salt mixtures often have lower melting 
points than the pure salts from which 
they are made. Hall synthesized a sam­
ple of cryolite and demonstrated that 
its melting point was within the capa­
bility of his furnace. In later tests he 
added aluminum fluoride to reduce 
the melting point even more. When he 
added aluminum oxide to the hot liq­
uid, he found that it easily dissolved. 
By February 10, 1886, the experiments 
were completed. 

Six days later Hall did another cru­
cial experiment. Could he produce 

pure aluminum by sending an elec­
tric current through the Iiq uid salt in 
which aluminum oxide had been dis­
solved? He inserted two graphite rods 
into the hot solution, which was held in 
a clay crucible. Connecting one rod to 
the low-potential end of the Bunsen­
Grove battery and the other rod to the 
high-potential end, he allowed the cur­
rent to flow for about two hours. Then 
he poured the solution into a frying 
pan. When the material had cooled 
and solidified, he broke it apart. The 
experiment had failed. The deposit on 
the cathode was gray, not shiny as he 
knew aluminum should be. 

Hall repeated the experiment with 
the same results. Eventually he real­
ized the gray deposit probably came 
from the silica in the clay of the cruci­
ble. The silica dissolved in the hot so­
lution, and then silicon was reduced to 
its elemental form by the electric cur­
rent. Hall switched to a graphite cru­
cible. The replacement was no mean 
feat, because large graphite rods were 
hard to obtain in the 1880's. Craig be­
lieves Hall got the graphite from near­
by Cleveland, where the Brush Elec­
tric and Power Company had a supply 
of the material for its work in the new 
industry of arc lighting and the manu­
facture of dynamos. 

On February 23 , with the graphite 
crucible in place, Hall repeated the ex­
periment. After the current had flowed 
for two hours, he disconnected the bat­
tery, poured out the solution and let it 
cool and solidify. Then he broke apart 
the solid material. Inside were several 
shiny nuggets of pure aluminum. 

Hall was unaware that he had been 
in a race with Paul L. T. Heroult, a 
Frenchman who discovered a similar 
process and filed for a French patent 
in April. Today the basic electrolytic 
process for the production of alumi­
num metal goes by the name of the 
Hall-Heroult process. 
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When aluminum oxide dissolves in 
the hot cryolite melt, it probably disso­
ciates into aluminum ions (AI3+) and 
oxygen ions (02-). At the anode the 
oxygen ions combine with carbon in 
the electrode to become carbon diox­
ide gas, which then bubbles from the 
liquid. The conversion releases elec­
trons that are pulled through the elec­
trode to the high-potential end of the 
battery. Electrons are expelled from 
the low-potential end; they flow to the 
other electrode in the hot melt, where 
they combine with the aluminum ions 
to form liquid aluminum. As the alu­
minum accumulates it combines into 
globules that sink to the bottom of the 
melt owing to the lower density of the 
surrounding electrolyte. The globules 
cool and solidify, forming small nug­
gets of aluminum. Some of the nuggets 
obtained by Hall are currently on dis­
play by Alcoa (the Aluminum Compa­
ny of America). The company refers 

High 
potential 

Graphik 
roel 

to the nuggets as "the Crown Jewels" 
because of their bril·liance and histori­
cal significance. 

The maximum amount of alumi­
num reduced in the experiment can be 
calculated from the amount of current 
flowing through the liquid. Three elec­
trons are needed to reduce one AI3+ 
ion to a neutral Al atom. Three moles 
of electrons are needed to red uce one 
mole of aluminum. A mole of elec­
trons has a charge eq ual to the prod uct 
of 6.022 X 1023 (Avogadro's number) 
and 1.6 X 10-19 coulombs (the charge 
of each electron). Thus a mole of elec­
trons has a charge of 9.64 X 104 cou­
lombs. Suppose the current through 
the liquid is five amperes, that is, five 
coulombs per second. If the current 
flows for two hours, the total charge 
sent through the liquid is 3.6 X 104 
coulombs, or .37 mole of electrons. 
The current red uces a total of . 12 mole 
of aluminum. One mole of aluminum 

Norman Craig's furnace for separating aluminum metal 
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has a mass of 26.98 grams. Hence 
the current produces about 3 .4 grams 
of aluminum. Aluminum's densi

'
ty is 

2.698 grams per cubic centimeter. If 
all the aluminum were collected into 
one spherical nugget, the diameter of 
the nugget would be 1.3 centimeters. 
In practice the amount of aluminum 
metal produced is about half the the­
oretical maximum because of ineffi­
ciencies in the process. 

As Hall noted in a letter to his broth­
er on the day of the successful experi­
ment, the cryolite is mostly unchanged 
by the passage of current and so the 
process can be continued. As the ini­
tial amount of aluminum is reduced 
to a pure metal and taken out of so­
lution, more aluminum oxide can be 
dissolved in the fused salt. Pure alu­
minum continues to form as long 
as the current flows and the anode 
(which is being consumed) is pushed 
farther into the liquid. 

Craig re-created Hall's experiment 
in an electric pot furnace capable of 
reaching 1,000 degrees C. The ingre­
dients are melted in a number 0000 
graphite crucible of the "plumbago" 
type (volume 1 18 milliliters). This cru­
cible in turn sits in a nickel crucible 
that protects against leaks in case the 
graphite cracks while it is being heat­
ed. The nickel crucible rests on a strip 
of soft iron three millimeters thick and 
19 millimeters wide. The strip is bent 
so that it extends under the crucible 
and also up through the top opening of 
the furnace. The strip serves as the 
connection to the low-potential end of 
the source of current. The strip, the 
nickel crucible, the graphite crucible 
and the hot liquid form part of the 
electrical pathway. 

The electrical connection Craig 
makes to the high-potential end of the 
current source is through a graphite 
rod immersed in the hot liquid. The 
rod is eight millimeters in diameter 
and 30.5 centimeters long. The rod 
and the iron strip are connected to a 
source of direct current by large alliga­
tor clips. The rod is held in place by an 
insulated clamp. The temperature of 
the furnace is monitored with a chro­
mel-alumel thermocouple that is en­
cased in a ceramic sheath and extends 
to the bottom of the furnace. A chemi­
cal hood set in place over the equip­
ment draws off the fluoride fumes 
generated by the experiment. 

Craig fills the crucible with a mix­
ture of 130 grams of sodium fluoralu­
minate (cryolite) and 40 grams of alu­
minum fluoride. When the mixture 
melts at 83 0 degrees C., he adds three 
grams of aluminum oxide in the form 
of a fine powder. He then inserts the 
graphite rod and connects the current 
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source. The difference in voltage be­
tween the rod and the iron strip is 
about five volts and the current is 
about 10 amperes. 

A ceramic lid covers most of the top 
opening of the furnace to reduce the 
heat loss. The graphite rod extends 
through the remaining opening, which 
Craig packs with quartz wool. The fur­
nace is operated at a temperature of 
about 93 0 degrees C. The current is 
kept on for four hours, during which 
time another two grams of aluminum 
oxide is added to replenish the amount 
in solution. As the graphite rod is con­
sumed, it is pushed farther into the liq­
uid. At least once during the experi­
ment the rod is so nearly consumed 
that it must be replaced. 

After the furnace has cooled, the 
graphite crucible is taken out of it and 
cracked open with a hammer. At the 
bottom of the crucible lies a nugget 
of aluminum roughly one centimeter 
in diameter. The procedure usually 
yields several smaller nuggets. 

Craig suggests that several changes 
can be made to reduce the cost of 
the experiment. The crucible could be 
heated with a butane torch in a furnace 
of the Hall type made from a ceram­
ic drain tile. The electrical source can 
be an automobile storage battery to 
which an adjustable power resistor is 
added to decrease the voltage. The 
nickel crucible could be replaced with 
an iron crucible or possibly a clay 
flowerpot. The conducting strip of 
iron could be replaced with a second 
graphite rod immersed in the liquid in 
the same way as Hall did it. The ther­
mocouple is not necessary because the 
melting of the materials in the crucible 
reveals the temperature. You may find 
other changes that can be made. Be 
careful, however, to do the experiment 
protected by a chemical hood or some 
other means of good ventilation. Also 
take precautions against spilling the 
hot liquid. In addition you must guard 
carefully against electric shock if the 
electrical source you are employing is 
at high voltage. 

You might also enjoy investigating 
a Bunsen-Grove battery, but be ex­
tremely careful with the acids and 
work in a well-ventilated area. Craig 
constructed one of these batteries in a 
400-milliliter beaker. A sheet of zinc 
served as one of the electrodes. The 
sheet curved along the wall of the bea­
ker but did not form a complete circle. 
Craig measured an output of four am­
peres from the battery. If you repeat 
Hall's experiment with such a battery, 
be sure to have enough zinc on hand. 
About one pound of zinc is consumed 
for each ounce of aluminum that is 
produced. 

MEASUREMENT 
with a QM 1 in crack propagation 

J.L. Humason, Technical Specialist, In his laboratory at Battelle Northwest, 
monitoring a fatigue crack propagation experiment with a QM 1 system which 
Includes, on 3 axes, video camera and recorder, 35mm SLR and digital filar eyepiece. 

Recently we had the privilege of visiting some of our customers with a 
view to observing the ways in which they use our various special 
systems. At Battelle Northwest we visited with Jack Humason who 
was using a Questar® optical measuring system in his crack 
propagation studies. 

With the QM 1 system precise crack length measurementa can be 
made to establish crack length divided by crack opening displace­
ment gage factors. The QM 1 with a video system displayed a magnified 
image of the crack on a monitor while a VCR recorded the entire test. 
Tests were conducted at increasing constant load intervals, thereby 
providing the crack growth rate measurements to be made for each 
stress intensity level. 

The Questar image clearly showed the notch and the two mm 
pre cracks in the metal sample. The crack progressed across the sample 
as the stress was increased. At the higher stress intensities plastic 
deformation occurred at the crack tip. The increasing size of the 
plastically deformed region was clearly observed with the QM 1. 

The Questar QM 1 system was also used to monitor the movement 
of a LUDER's band migrating the length of an iron tensile specimen. 

And so for the first time, as a result of the depth of field and 
resolution of the Questar optics, it was possible to see and record in 
real time crack features and surface topography in detail. Tests of 
this kind, whether in polymers, metals or composites, can be viewed 
and taped for future study with a Questar system. 

In many other applications complete systems are supplying the 
solution to difficult questions of procedure, often defining areas 
that previously could not be seen with any instrument. We welcome 
the opportunity to discuss the hard ones with you. Call on us-
we solve problems. 

QUESTAR 
P.O. BOX 59, DEPT. 212, NEW HOPE, PA 18938 (215) 862-5277 
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Until recently, this was the leading edge. 
The leading edge of technology is replacing the sur­
geon's scalpel in the removal of kidney stones. Today, 
almost 90 percent of kidney stone sufferers have an 
alternative-the Lithotripter. 

Developed by Dornier, a member of the Daimler-Benz 
Group, the Lithotripter disintegrates kidney stones 
through shock waves. Described as a "medical miracle" 
by the Secretary of Health and Human Services, the 
Lithotripter eliminates the pain and discomfort nor­
mally associated with surgical procedures. And be-
cause it is completely noninvasive, the Lithotripter sig­
nificantly shortens recovery time, thus reducing cost to 
the patient. Thus far, over 100,000 kidney stone suf­
ferers have been successfully treated by the Lithotripter. 

Dornier developed the Lithotripter as a technological re­
finement of research which had originally been targeted 
toward studying the effect of shock waves on supersonic 
aircraft. Lithotripter-it's the only device of its kind in 
the world, working today for a healthier future. 

A MEMBER OF THE DAIMLER-BENZ GROUP 
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