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NO RUM REFLECTS
PUERTO RICO LIKE RONRICO.

Puerto Rico is the Rum Island, the world's foremost
rum-producing region. And Ronrico is the rum— authentic

Puerto Rican rum since 1860. Ronrico’s smooth, light taste
has been the pride of six generations of Puerto Rican rum
masters. One sip will tell you why.

RONRICO: AUTHENTIC RUM OF PUERTO RICO.

General Wine & Spirits Co., N.Y.C.
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With nearly everything going up,
it's good to know that one thing is
still a bargain.

That bargain is New York Life insurance.

The fact is, a dollar’s worth of New York Life insurance costs about the same today
asit did ten years ago— remarkable in a time of continuing inflation.

Of course, your income and standard of living have risen over the years. That
means you probably need more protection. But life insurance remains the best way —
usually the only way — to give your family real financial security.

Your New York Life Agent has a variety of policies to meet your needs,
your family’s needs, your business needs — at a cost you can afford. Call today.

New York Life. For all of your life.

New York Like Insurance Company, 51 Madison Avenue, New York, New York 10010. Life, Group and Health Insurance, Annuities, Pension Plans,
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THE ONLY THING
IT HAS IN COMMON WITH
OTHER 7-INCH TAPE DECKS
IS THE SIZE OF ITS REELS.

- Pioneer’s new RT-707 has a lot more in
common with today’s most sophisticated 10-inch
tape decks than it does with most 7-inch tape decks.

Because unlike other 7-inch tape decEs, the
RT-707 isn't f lled with 15 year old ideas.

Take the drive system of the RT-707.

Instead of the old fashioned belt-drive system,
the RT-707 is driven by a far more accurate and
efficient AC Servo direct-drive motor. This motor
generates its own frequency to help correct even the
slightest variation in tape speed. Which all but
eliminates wow and flutter. And because it doesn't

enerate heat like the belt-driven “dinosaurs” it
doesn’t need a fan. So all you'll hear is music with a
clarity and crispness not possible on any 7-inch, or
many 10-inch tape decks.

Our direct-drive system also makes pitch
control possible. To help you regulate the speed of
the tape and give you greater control over your
recordings.

With technology like this it shouldn't surprise
you that our super-sensitive heads will deliver

frequencies from 20 to 28,000 Hertz. And our
pre-amp section is built to handle 30 decibels more
than any other 7-inch tape deck without distorting.

But great sound isn't everything.

As you can see, the RT-707 is smaller and
more compact than other tape decks. It's also
rack-mountable. And unlike any other tape deck, it's
stackable. So it'll fit right in with the rest of your
components.

But frankly, all the revolutionary thinking that
went into the R1-707 wouldn't mean much if it
weren't also built to fit comfortably into your
budget. Itis.

See your Pioneer dealer for a closer look at
this extraordinary 7-inch tape deck.

We think you'll find the only things that the
RT-707 has in common with other 7-inch tape decks
is the size of the reels.
And the size of
the price.

High Fidelity Components

WPIONEER

WE BRING IT BACK ALIVE.

©1977 U.S. Pioneer Electronics, 85 Oxtord Drive, Moonachie, New Jersey 07074
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Language

Translator

Communicate in any language without saying a
word, or learn a new language with the world’s
first computerized language translator.

Learning languages is not easy. It takes
books, classes, cassettes, and hard work.

Now, however, you have a choice. You can
communicate in a foreign country without
speaking the language, or you can learn the
language more easily thanks to a new elec-
tronic miracle.

Craig Corporation has just introduced the
Translator—a pocket-sized personal com-
puter that stores up to 7,000 words and trans-
lates them from one language to another at the
touch of a button.

You enter a word in English on the alpha-
betical keyboard, press the translate button,
and the word is shown on the display in the
foreign language. You have a choice of lan-
guages such as Japanese, French, German,
ltalian, and Spanish. And you can translate
from any one language into another.

You program the unit with four small
memory capsules which contain approximate-
ly 1500 words each. By swapping capsules,
you can change languages, so the unit will
hold a total of 7,000 words in its four memory
capsules.

WORLD COMMUNICATION

The Craig Translator is truly a pocket-sized
translation computer that will help you com-
municate in practically every major nation in
the world—even if you don't want to learn the
language. There are a series of numbers listed
on the back of the computer which correspond
to 50 of the most commonly used and most
practical phrases. 25 of the phrases are com-

4

plete statements such as: “How much does
this cost?” The remaining 25 statements re-
quire one or two additonal words like: “May |
please have the..." You simply press the
number for the phrase you want and then enter
the missing word on the keyboard which has
keys with both letters and numbers.

When you press the translate button, your
phrase is flashed on the display in the foreign
language. If the phrase is longer than the 16
character width of the screen, it rolls to the
left—just like on a movie marquee.

Armed with the 50 phrases and up to a 7,000
word vocabulary, you can take your small in-
formation retrieval system throughout the
world and literally carry on complete conver-
sations without saying a word. Just enter the
translated phrase or word and show it to the
person with whom you are communicating.
Have that person enter the answer, and before
long you'll be carrying on complete conver-
sations. You can negotiate prices at an out-
door market, order from menus, clarify state-
ments, read newspapers, and street signs.

Phrase books are handy for travelers
because all the most common words and
phrases are indexed by category. The Craig
Translator is also indexed, but for instan-
taneous retrieval. Just enter the subject, press
a button, and you can recall a subject and its
related words in alphabetical order. You can
index travel, shopping, business, or medical
terms and scan them faster than turning the
pages of a book.

© 1979 SCIENTIFIC AMERICAN, INC

FOR THOSE WHO WANT
TO LEARN A LANGUAGE

Learning a language is not easy, and the
Craig Translator is not a substitute for practice
and hard work. The Translator is, however, a
very valuable teaching aid—one that can
accelerate the learning process and teach you
more vocabulary faster.

The most rewarding aspect of learning a
language with the Craig system is “memory
retention.” When you need to know a word and
can look it up at that very moment, your
chances of remembering it are several times
greater than in a classroom environment.

The Craig Translator not only gives you the
answer, it does so immediately—at that
moment—so it provides a very useful learning
function. And it's fun to use and carry with you
all day long.

The Craig Translator uses four systems of
reinforcement. Reinforcement is a teaching
concept in which the teacher praises you when
you're right and gives you the correct answer
when you're wrong.

FOUR TEACHING SYSTEMS

The Craig's four reinforcement systems are:
Frequency You can sort out words by how
frequently they come up in normal conversa-
tion and then learn these words. Each one will
be flashed on the display for a few seconds,
and you say aloud the correct translation.
Spelling A word is flashed in English and you
guess the spelling of the foreign word which
you then enter on the keyboard. If you enter it
wrong, the unit tells you and then flashes the
correct answer on the display.
Category You can learn by category. Select a
subject and access the associated words
alphabetically. If you are preparing for a trip,
you can learnall the words that relate to travel.
Alphabet You can learn by the alphabet. Start
at any letter and the unit will display all the
words that start with that letter.

ALL THE ANSWERS
There are other features that make the
Craig Translator an outstanding teacher:
Spelling Program If you enter a misspelled
word, the display will flash a question mark. By
pressing a key, you instruct the unit to find the
correct spelling. On the display will flash a
series of words it thinks are the correct ones,
and you simply select the right one.
Double Meanings When you enter an English
word that has two meanings in the foreign
language, the unit will ask you which meaning
by listing the possible choices. Again you
select the right one by pressing a key. For
example, “watch” would be two different
things depending on whether it was meantas a
verb or a noun.

MEMORY CAPSULE

The languages are contained in small
memory capsules four of which hold up to
256,000 bits of information or 7,000 words.
The Craig Translator will accept other data so
that eventually you will be able to store com-
plete dictionaries, recipes, calorie equiva-
lents, useful statistics, and other learning
programs and then display this data on your
pocket-sized information retrieval system.
Language capsules cost only $24.95 each—
about the cost of a few language textbooks, so
the unit can inexpensively grow to fit many
different applications.

You don't even have to read the instructions
to operate the unit. A free starter Memory
Capsule that comes with the unit will tell you
how in six different languages. The capsule
also contains the programs necessary to use
your unit as a calculator or for currency con-



versions. It contains the metric conversion
tables and 20 words or phrases in six lan-
guages—words such as hello, goodbye, thank
you, etc.

ADVANCED TECHNOLOGY

There was no existing display that could be
used in the Translator, so thedisplay had to be
developed exclusively for Craig. The letters
appear in bright fluorescent blue/green and
are very-easy to read.

The unit, its memory, its Memory Capsule
system—all represent major breakthroughs in
technology. But with all its sophisticated elec-
tronics, it was built simple enough to be easy
and fun to use.

MANY PERSONAL USES

If you are a language student or a frequent
traveler, the Craig Translator would be the per-
fect companion. That might appear obvious.
But what about the shop owner who has to
communicate with people from other coun-
tries? Or the grandparents looking for the per-
fect gift for a young high school student learn-
ing a new language?

And don't overlook the young grammar
school child. With the Craig Translator and a
little tutoring, you'll be amazed at how quickly
he or she picks up a language.

You'll really appreciate the Translator the
first time you use it. It's like a friend—always
ready to give you an answer when you need
one. It's your interpreter in a foreign country,
your resident genius with its huge data bank,
and your personal advisor with its indexing
system.

TRY ONE FIRST

We would like to offer a suggestion. Order
the Translator on a special 30-day trial. Use it
to begin learning a language, or see how easy
it is to communicate with somebody who
doesn’t speak your language. Take it on a

Mini Travel
Alarm

It's small. And because it's small, it fits anywhere. In

your briefcase or in your pocket.

The new JS&A Mini Travel Alarm measures only 3/8” x

business trip to Europe or Japan. Take it shop-
ping with you. Use it at a restaurant, or negoti-
ate a business deal with it. See how much funit
is to learn a language and how much faster
your vocabulary increases.

After you've really discovered how valuable
a friend your Craig Translator can be, then
decide if you want to keep it. If not, return it
anytime during our 30-day trial period for a
prompt and courteous refund including your
$2.50 postage and handling. There is no risk.

JS&A offers you the opportunity to own, use,
and experience the world’s first pocket-sized
language translator. But don't wait. The
demand for the Craig Translator may be great,
and since the announcement in this magazine
is one of the first ever made on this product, we
urge you to place your order promptly. Deliver-
ies will start in January, 1979 and then only on
a limited basis.

The Craig Translator is manufactured by
Craig Corporation—a substantial public com-
pany. Both JS&A and Craig Corporation have
been doing business together since 1971
when JS&A introduced the world’s first pocket
calculator—the Craig 4501. Back in 1971, we
said that the technology represented in the
first pocket calcultor was “...the most impor-
tant electronic breakthrough since the transis-
tor.” The Craig Translator represents another
quantum leap in technology, and we are proud
to be associated with Craig Corporation in its
introduction.

Craig Corporation has a complete service-
by-mail facility should service ever be re-
quired. Just slip your unit in its handy mailer,
and it will be repaired and shipped back to you
promptly. You shouldn’t have a single problem
with your unit, but it's reassuring to know that
even service is an important consideration in
this program. Your unit is also backed by a
one-year parts and labor limited warranty.

JS&A is America’s largest single source of
space-age products—further assurance that
your modest investment is well protected.

To order your Craig Translator, send your
check for $199.95 plus $2.50 for postage and
handling. Credit card buyers may call our toll-
free number below. With each unit you will
receive a free starter cartridge plus the English
language cartridge, an AC adapter, and carry-
ing case. Four rechargeable “AA” batteries
cost only $12.40. Or you can use any Four
“AA” cell alkaline batteries.

You may also order the other languages at
$24.95 each. Please specify French (order
number 5121), German (5131), Italian (5141),
Spanish (5151), and Japanese (5161). Other
languages will be available later.

Remember, the unit holds four cartridges at
the same time, and you will receive from us a
list of cartridges that will be available in the
future. Only one cartridge in each language is
available now, although later, more advanced
vocabulary capsules will be available.

For the first time in history, Americans can
carry with them the information contained in
volumes of books and communicate with this
information faster and more efficiently than
was ever thought possible. Join the era of the
real personal computer. Order a Craig Trans-
lator at no obligation, today.

0 PRODUCTS
®) THAT
© WTHINK

Dept.SA One JS&A Plaza
Northbrook, Ill. 60062 (312) 564-7000
Call TOLL-FREE ........800323-6400
InlllinoisCall..........(312) 564-7000

——
MINUTE

S

14" x 2'2” and has a small easel support on the back.
Just set the alarm, and the electronic beep will wake you
up. The clock movement is totally solid-state, and a built-
in night light lets you view the time in the dark.

But the JS&A Mini Travel Alarm does more. First, it

makes a great pocket watch. The small imitation black
leatherette carrying case that comes with the unit has a
window so you can view the time even when the unit is in
its case. Secondly, it tells accurate time—within fifteen
seconds accuracy per month. And finally, it's inexpen-
sive—only $29.95 complete with carrying case and two
readily-available hearing aid batteries. It makes a perfect
gift for everyone on your gift list.

There is also a deluxe version for $39.95 with a built-in

timer and dual time zone capability. You can now display
one time while keeping the second time in memory.

Each model has a one-year warranty. Order by sending

your check to the address shown above or call our toll-
free number above. Please add $2.50 for postage and
handling and lll. residents add 5% sales tax.

© JS&A Group, Inc.,1979
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Each article in each issue of 2 AR ‘ _ )

SCIENTIFIC AMERICAN is '

available in a separate Offprint
starting January, 1977

THE COVER

The painting on the cover depicts a technique for measuring the pressures of
oxygen and carbon dioxide in the chicken egg a few days prior to hatching (see
“How Bird Eggs Breathe,” by Hermann Rahn, Amos Ar and Charles V. Pa-
ganelli, page 46). Eighteen-day-old chicken eggs, each specially fitted with a
metal connector and a fine plastic catheter, are removed temporarily from an
incubator for the experiment. A plastic syringe is attached to the connector in
order to sample the gas in the air cell at the blunt end of the egg. (After the sam-
ple has been taken the syringe is tilted so that the drop of mercury inside seals
off the opening, preventing the gas sample from being contaminated with at-
mospheric air:) At the same time the smaller glass syringe is connected to the
plastic catheter and a sample of oxygenated blood is removed from a blood
vessel in the chorioallantois, a placenta-like membrane within the egg that me-
diates the exchange of gases between the atmosphere and the developing chick
embryo. After samples of blood and gas have been taken from each egg the
concentrations of oxygen and carbon dioxide in the samples are determined.
The experiment was designed by H. Tazawa of Yamagata University in Japan.

Offprints will be ready for delivery by
the end of the month following the
month of issue. In addition, over 1,000
selected articles from earlier issues
are available in Offprints and are listed
in catalogue (see form below).

Individual and Corporate Orders
Offprints may be ordered in any quan-
tity and combination. Price: $.40
each; $5.00 minimum; payment with
order. Coupon below suggests form
of order.

School and College Orders
Offprints adopted for classroom use
may be ordered direct or through
campus bookstore. Price: $.40 each.

THE ILLUSTRATIONS
Cover painting by Enid Kotschnig

|
[
Student sets of 10 or more Offprints Page Source Page Source
are collated by publisher and deliv- 16-41  1lil Arbel 79 1lil Arbel
ered as sets to bookstore. Offprint 43 Itek Corporation 80-90  Tom Prentiss
Readers, pre-selected course-oriented 44 1lil Arbel 93-110 George V. Kelvin
sets of Offprints, are accompanied by 47 J. H. Becking, Institute 113 Claudio Rebbi and
selector’s commentary re]ating the ar- for Atomic Sciences. in Laurence Jacobs,_
ticles to one another and to formal Agriculture, Wageningen, Brookhaven National
k. Write f tal the Netherlands Laboratory
course work. Write lor catalogue. 48 Dennis R. Atkinson, 114-116 George V. Kelvin
State University of 119 Charles R. Carri
W. H. Freeman and Company | New York at Buffalo an(?rl)e:vici Gilgéia{:
660 Market Street, San Francisco, Cal 94104 .
| 49-50 Patricia J. Wynne 121-126 Allen Beechel
Please send me Offprints: 51 Ewa'ld. Weibel 135 Robert W. Hardy (top
Title of Article Quantity 52-55  Patricia J. Wynne left) and Kiyoteru T.
_ . 57 Aimé Bocquet, Tokuyasu (top right
University of Grenoble and bottom), University
- — — 58 Alan D. Tselin %fie(;‘g‘f"rma at San
. S 59 Aimé Bocquet, University .
of Grenoble (10p); 136-142 Bunji Tagawa
Total Alan D. Iselin (bottom) 149 Ralph Morse, courtesy
Mty by S0 | @ alan .1 of Wareen Anatomieal
Payment Enclosed $ 61-62 Girpé BQCqUFté ol Schooly’
Minimum order $5.00, payment with order niversity 0, renoble 150-153 Ralph Morse, courtesy
California residents add sales tax 63 A?an D. Iselin of Francis A. Countway
[] Please send free Offprint catalogue 64 Anpe chquet, Library of Medicine
| U.nlversny of Grenobl.e 154 11l Arbel
Name . 77-78 ]Elchard I[’:lrdo,. American 155 Courtesy of Massachusetts
- orestry Association General Hospital
Address - (top); Michael Wotton, o )
Weyerhaeuser Company 160 The Louisville Times
City and State T Zip (bottom) 162-165 Michael Goodman
6
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BY CADILLAC

4

One of the worlds best engineered cars...plus.

This is Eldorado at its best —with an unprecedented
combination of driving features found on no other U.S.
car. FRONT-WHEEL DRIVE for impressive traction in rain,

snow or sleet. And since the floor is flat, there’s added
roominess, too. FOUR-WHEEL INDEPENDENT SUSPENSION
as each wheel reacts independently to road variations
for a smooth ride. FOUR-WHEEL DISC BRAKES that
automatically self-adjust with every application. And

an advanced level of sophistication in automotive \
electronics that combines ELECTRONIC LEVEL | ‘@

CONTROL. .. ILLUMINATED ENTRY SYSTEM. . . TWILIGHT
SENTINEL. .. an ELECTRONIC-FUEL-INJECTED ENGINE
with an on-board analog computer and ELECTRONIC
SPARK SELECTION. All this standard. There are even side-
window defoggers. And a Diesel V8 engine is available.
(Eldorados are equipped with GM-built engines
produced by various GM Divisions. See your Cadillac
dealer for details.) Plus . . . Cadillac craftsmanship,
beauty, luxury and prestige. Eldorado. You may
choose it just because it’s so beautiful.
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To Commemorate Its 75th Anniversary, The Deutsches Museum presents

T he Inventions

that Shaped
the Modern VVorld

An official collection of ten superbly crafted pewter sculptures. ..
honoring the genius of mankind

From left: Johannes Gutenberg ca. 1395-1468, James Watt 1736-1819, Thomas Alva Edison 1847-1931. Sculptures shown approximately actual size
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A single, limited edition.

Available solely
by subscription application.

Limit: One collection per subscriber.

Subscription deadline:
February 28, 1979.

This year marks the 75th Anniver-
sary of The Deutsches Museum—the
largest museum of science and tech-
nology in the world. To observe the
occasion in an appropriately unique
and memorable way, the Directors of
the Museum have authorized the crea-
tion of an unprecedented commemora-
tive issue—honoring:

“THE INVENTIONS THAT
SHAPED THE MODERN WORLD”

This official commemoration will com-
prise ten superbly crafted pewter
sculptures—each re-creating an his-
toric “moment of invention.” In all,
they will pay homage to ten of the
most important landmarks in the his-
tory of modern science—depicting the
inventions themselves and the men of
genius credited with their creation.
They include:

THE PRINTING PRESS
Johannes Gutenberg

THE TELESCOPE
Galileo Galilei

THE STEAM ENGINE
James Watt

THE CAMERA
Louis Daguerre

THE X-RAY
Wilhelm Roentgen

THE PHONOGRAPH
Thomas Alva Edison

THE WIRELESS TELEGRAPH
Guglielmo Marconi

THE TELEPHONE
Alexander Graham Bell

THE AUTOMOBILE
Gottlieb Daimler

THE AIRPLANE
The Wright Brothers

Each of the sculptures crafted for the
collection will be a wholly original
work of art—created exclusively for
this 75th Anniversary celebration.
Moreover, the collection will reflect the
most scrupulous standards of scholar-
ship, for each sculpture will be fully
authenticated for scientific accuracy by
the Museum. Indeed, the beauty and
detail that distinguish each of the ten
sculptures—the costumes . . . the fa-
cial expressions . . . and especially the
detail lavished upon the actual inven-
tions themselves—pay tribute to the
highest criteria of science and art.

So vividly detailed, in fact, are these
ten extraordinary sculptures that you
will actually be able to see the first
crude type form developed by Guten-
berg for his printing press . . . the
innovative separate condenser that
proved so vital to the success of James
Watt’s steam engine . . . virtually every
pipe and bolt of the historic internal
combustion engine that was destined
to establish Gottlieb Daimler as the
father of the automobile. . . .

The world’s foremost creator
of commemorative issues

To ensure the creation of a commemo-
rative issue that will retain its power
and significance for generations to
come, The Deutsches Museum has en-
listed the skills and talents of an or-
ganization whose name has become
synonymous with many of today’s
most prestigious commemoratives: The
Franklin Mint. Hence “The Inventions
that Shaped the Modern World” will
be the direct creation of the very
artists who are universally recognized
as the contemporary world’s foremost
inheritors of the great Renaissance
tradition of medallic sculpture.

And when the sculptors of The
Franklin Mint have completed their
commission, each of these exquisitely
crafted pewter sculptures will be in-
dividually hand-finished—to bring out
every feature and detail . . . the subtlest
nuances of the artist’s work . . . as well
as the rich, gleaming luster of the
sculptured metal itself.

The assurance of lasting rarity

Furthermore, “The Inventions that
Shaped the Modern World” will be
created in only one, extremely limited
edition—to be issued solely in honor
of the 75th Anniversary of The
Deutsches Museum, and made avail-
able only by subscription application.

In addition, there will be a further
limit of just one collection per sub-
scriber. Consequently, the entire edi-
tion will exactly equal the precise
number of valid applications entered
before the subscription rolls close.

To certify the official nature of the
collection, the base of each sculpture
will bear the emblem of The Deutsches
Museum and identify the creator of
the invention depicted. Moreover, a
Certificate of Authenticity bearing the
signature of The Director-General of
the Museum—attesting to the limits of
the edition—will accompany the sculp-
tures. Subscribers will also receive
authoritative background literature on
the evolution of each invention and its
enduring impact upon mankind.

An heirloom collection
of universal significance

“The Inventions that Shaped the
Modern World” has been expressly

© 1979 SCIENTIFIC AMERICAN, INC

conceived as a commemorative of truly
international significance — fully re-
flective of the overwhelming universal
importance of the subject it honors.

For collectors who recognize and
appreciate the beauty of sculptured art
... for parents who seek to imbue their
children with a keener understanding
of the world they inhabit, and a deeper
awareriess of man’s potential for great-
ness . . . indeed, for everyone who is
enthralled by the story of civilization
itself . . . there can be few acquisitions
more inspiring, more enlightening,
more lastingly rewarding.

Subscription deadline:
February 28, 1979

Following the absolute closing date of
this single edition, “The Inventions
that Shaped the Modern World” will
never be offered again in the United
States. Please note that you need send
no money now to enter your subscrip-
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LETTERS

It was with great interest that I read
Jearl Walker's article on whispering gal-
leries [“The Amateur Scientist,” SCIEN-
TIFIC AMERICAN, October, 1978].

I thought you might be interested to
know about the whispering wall of the
Temple of Heaven in Peking. The circu-
lar wall surrounding the temple, known
as the Huang Ch’iung-yt, is a whisper-
ing wall of the type of St. Paul’s Cathe-
dral. There is, of course, no dome here,
so that the Chinese can never have mis-
attributed the whispering effect to such
a structure. What is most interesting,
however, is that the same building has
yet another acoustic effect. Three stones
of the processional path leading up to
the Huang Ch’iung-yii are known as the
Three Sound Stones. If you stand on
the first stone and clap your hands, the
sound returns like an ordinary echo. If
you do the same on the second stone, the
echo returns twice, and on the third
stone it returns three times.

I hope your readers will find this in-
formation of interest. The Temple of
Heaven is well known, and descriptions
of it can be found in many guidebooks.

JAN FONTEIN

Director
Museum of Fine Arts
Boston

Sirs:

In Harold M. Edwards’ article “Fer-
mat’s Last Theorem” [SCIENTIFIC AMER-
ICAN, October, 1978] he neglected to
mention the following possibility for
the resolution of the problem. Perhaps
there is no proof of either Fermat's
last theorem or its negation (in one of
the standard axiomatic frameworks for
mathematics, say the Peano axioms).
The existence of a statement that is
neither provable nor disprovable was
proved by Kurt Godel in 1930. Goédel's
statement is somewhat contrived, but
recently logicians have been able to
show that even simple and mathemati-
cally interesting statements may be un-
decidable. In 1970 the Russian math-
ematician Yuri Matyasevich showed
that there is a Diophantine equation
(Fermat’s last theorem is itself equiva-
lent to a single Diophantine equation)
that has no solutions in whole numbers
but is such that this fact cannot be
proved from the Peano axioms. More
recently Jeffrey B. Paris and Leo Har-
rington have found a very simply stated
combinatorial assertion about whole
numbers that cannot be decided on the
basis of the Peano axioms.

Thus at this point it is entirely con-
ceivable that neither Fermat'’s last theo-
rem nor its negation has a proof in any
of the standard axiom systems. A proof
of this fact, however, would not leave
matters as undecided as it might seem.
If one could “prove” that Fermat’s last
theorem has no proof, it would follow
by well-known theorems of logic that it
is true in the standard model of arith-
metic, i.e., the set consisting of the num-
bers 1,2, 3,4, ....

STANLEY WAGON

Department of Mathematics
Clark Science Center

Smith College
Northampton, Mass.

Sirs:

As Dr. Wagon correctly observes, in
the case of ordinary integers the only
way to show that Fermat’s last theorem
cannot be disproved is to show that it is
true. How, then, could this demonstra-
tion be a “possibility for the resolution
of the problem”?

HaroLD M. EDWARDS

Courant Institute of Mathematical
Sciences

New York University

New York
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50 AND 100
YEARS AGO
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FEBRUARY, 1929: “Where is the so-
lar system located within our galaxy?
The first real idea of how far away from
the center we are came when Harlow
Shapley applied a new method of deter-
mining stellar distances: the photomet-
ric method. The story has often been
rehearsed of how the true brightness of
the Cepheid variables was found to de-
pend on their period of pulsation. In
addition the globular star clusters form
a gigantic assemblage with its center
about 50,000 light-years from the sun in
the direction of the constellation Sagit-
tarius. One region in particular, about
eight degrees square, on the borders of
Scorpio and Ophiuchus, has been found
to contain no fewer than 450 variable
stars. Twenty per cent of them lie at dis-
tances ranging from 21,000 to 30,000
light-years. The rest are fainter and
range from 35,000 to 55,000 light-years,
with a sharp concentration at about the
middle of this interval. These stars lie
within a few degrees of the direction of
the system of globular clusters and at
substantially the same distance. It ap-
pears, then, that there is actually an
enormous mass of stars concentrated
near this point that forms the central
nucleus of our galaxy.”

“It has been shown by Rutherford that
the atomic nucleus deflects an alpha
particle as if the force between them
were one of repulsion between two elec-
tric charges. Thus by counting the num-
ber of collisions occurring when a group
of alpha particles passes through a
known number of atoms we can deter-
mine the charge on the nucleus. Mea-
surements of this kind have shown that
the nucleus of the hydrogen atom has a
positive charge equal to that of one elec-
tron, helium that of two electrons, lithi-
um three and so on down the list of
chemical elements to uranium. This
suggests that the nucleus of the atom
may be built up of units carrying a posi-
tive charge equal to the negative charge
of the electron. Such a unit we find in
the nucleus of the hydrogen atom. It is
perhaps surprising that the positive unit
of electric charge should be associated
with a mass almost 2,000 times greater
than that associated with the negative
unit. Rutherford has, however, per-
formed a series of experiments that
gives us good reason to believe our
guess is correct. These experiments con-
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sist in shooting alpha rays from radium
through various substances. It is found
that particles having the same charge
and mass as the hydrogen nucleus can
be knocked out of some of the lighter
elements. An event of this kind is shown
in a remarkable photograph taken by
Mr. Blackett. The evidence seems very
strong that the nuclei of the various
atoms are indeed built up of an aggre-
gate of hydrogen nuclei, which are now
called protons.”

FEBRUARY, 1879: “If Mr. Edison
wishes public faith in that electric light
of his to remain steadfast, he will have
to give an early demonstration of the
truth of his claim that it is a practical
success. When he first announced that
he had solved the problem of dividing
the light and of adapting it to domestic
uses, there was a very general inclina-
tion to accept the story with absolute
confidence, because Mr. Edison had
proved by his previous inventions that
he could achieve some things that had
been regarded by other men as impossi-
ble. But, after all, the proof of the pud-
ding is in the eating, and the world, after
waiting patiently for the public display
of an invention that sent gas stocks
down as soon as it was heralded, will be
disposed, unless Mr. Edison shows his
hand, to suspect that the Edison electric
light and the Keely motor will have to be
ranked together as enterprises contain-
ing much more of promise than of per-
formance.”

“Professor Loomis of Washington ap-
pears to be still enthusiastically carrying
on his experiments in aerial telegraphy
in West Virginia. Aerial telegraphy is
based on the theory that at certain eleva-
tions there is a natural electric current,
by taking advantage of which wires may
be wholly dispensed with. It is said that
Professor Loomis has telegraphed as far
as 11 miles by means of kites flown with
copper wire. When the kites reached the
same altitude or got into the same cur-
rent, communication by means of an in-
strument similar to the Morse instru-
ment was easy and perfect but ceased as
soon as one of the kites was lowered.
Professor Loomis has built towers on
two hills about 20 miles apart, and from
the tops of them has run up steel rod into
the region of the electric current. He an-
nounces that he has recently discovered
that the telephone can be used for this
method of communication as well as tel-
egraphic instruments, and that of late he
has done all his talking with his assist-
ant, 20 miles away, by telephone, the
connection being aerial only. He claims
he can telegraph across the sea with-
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out wires other than those necessary to
reach the elevation of the current.”

“The Bell Telephone Company is
turning out 1,500 telephones a month,
and orders are so numerous that many
are more or less delayed. There are now
17,500 instruments out and 15,000 actu-
ally rented. Instruments are supplied
principally to telephonic exchanges,
which are being rapidly introduced into
all the larger cities. In Albany and Troy
there are 350 instruments in circuit, in
Buffalo there are 250 subscribers, in De-
troit about 150 instruments in circuit, in
Chicago 550, in Indianapolis 150, in St.
Louis 325, in Cincinnati 200, in Phila-
delphia 500 subscribers and 250 instru-
ments in circuit, in Columbus 200 sub-
scribers and about 50 instruments in cir-
cuit, in Baltimore 300 subscribers and
100 instruments in circuit, and in Wash-
ington, New Orleans, Louisville and
Nashville exchanges are being start-
ed. In Boston there are 500 subscribers
and about 150 instruments in circuit,
in Lowell 200 instruments in circuit, in
New Haven 350, in Bridgeport 175, and
in Springfield, Hartford and Providence
exchanges are being started. An ex-
change has just been started in New
York, where there are about 750 sub-
scribers and 250 instruments in circuit.”

“A new style of road vehicle, designed
to be propelled by mechanical power,
has made its appearance in London. The
carriage closely resembles an ordinary
dog cart; the shafts are very short and
inclined together, meeting two feet in
front of the dashboard; between them
there is a third wheel, working upon an
upright shaft, which could be turned by
a handle placed the same as that of a
bicycle. This handle is worked by reins
in the hands of the driver. The motive
power is obtained by the combustion of
benzoline, a small jet of which is admit-
ted into a burner. The burner, of the size
of an ordinary chimney-pot hat, is lined
by coils of a copper tube containing wa-
ter. The steam generated in the tube
passes at one end into the cylinders of a
small torpedo engine, which rotates a
horizontal shaft. It then passes into a
cooler, where it is condensed by a cur-
rent of cold air driven against the out-
side of the vessel by a revolving fan, and
the water so produced is forced back
into the other end of the tubular boiler
by a pump. The engine shaft works the
driving shaft not directly but by the me-
dium of two cones placed side by side,
their bases being reversed in position.
A figure-of-eight band connects the two,
and as it is moved toward the base of
the one it nears the apex of the other
and thus increases or diminishes the
speed of the driving shaft, which is con-
nected with the driving wheel, or off
wheel, by an endless band.”
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THE AUTHORS

LES ASPIN (“The Verification of the
SALT II Agreement”) is a member of
the U.S. House of Representatives. He
was born in Milwaukee, Wis., where he
attended grade school and high school.
In 1960 he was graduated from Yale
College summa cum laude and was
awarded a Rhodes scholarship to the
University of Oxford. He obtained his
master’s degree at Oxford in 1962 with
a combined major in economics, poli-
tics and philosophy. He then did doctor-
al work in economics at the Massachu-
setts Institute of Technology, earning
his Ph.D. in 1965. Commissioned in
the army under the Reserve Officers’
Training Corps in 1966, Aspin was
made economic adviser in the office of
Secretary of Defense Robert S. McNa-
mara. He left the army with the rank of
captain in 1968 and worked for the next
two years as assistant professor of eco-
nomics at Marquette University. In
1970 he was elected to Congress from
the First Congressional District in
southeastern Wisconsin. Aspin current-
ly serves on the House Armed Services
committee and the Government Opera-
tions committee; he is chairman of the
Oversight subcommittee of the House
Select Committee on Intelligence.

HERMANN RAHN, AMOS AR and
CHARLES V. PAGANELLI (“How
Bird Eggs Breathe”) are respiratory
physiologists. Rahn and Paganelli are
professors of physiology at the State
University of New York at Buffalo
School of Medicine, and Ar is senior
lecturer in the department of zoology
at Tel-Aviv University in Israel. They
write: “Our interest in bird eggs started
10 years ago when O. D. Wangensteen,
now associate professor at the Universi-
ty of Minnesota, joined our respiration
group as a postdoctoral fellow. One day
he asked, ‘How do eggs breathe?” Since
none of us knew, he proceeded to dem-
onstrate for the first time how Fick’s law
of diffusion would explain the gas ex-
change across the eggshell of the chick-
en. We have since studied respiratory
processes in the eggs of many bird
species, both in the laboratory and on
field expeditions to various parts of
the world.”

AIME BOCQUET (“Lake-Bottom
Archaeology”) is lecturer in prehistory
at the University of Grenoble and direc-
tor and founder of the Center for the
Documentation of Alpine Prehistory, a
20-year-old private association dedicat-
ed to the diffusion of regional prehistori-
cal information among scientists, edu-
cators and the general public. An oral
surgeon by profession, Bocquet orga-
nized and has directed since 1972 the
experimental workshop and the lake-
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bottom excavations at Lake Paladru in
the French province of Dauphiné, not
far from the Swiss border.

STEPHEN H. SPURR (“Silvicul-
ture”) is professor of botany and public
affairs at the University of Texas at Aus-
tin. He did his undergraduate work in
botany at the University of Florida and
his graduate work at the Yale University
School of Forestry and Environmental
Studies, which awarded him his Master
of Forestry degree in 1940. He then be-
gan a research career in forest ecology
at the Harvard Forest, serving for a time
as its acting director. After obtaining his
Ph.D. in forest ecology from Yale in
1950, he joined the faculty of the School
of Forestry of the University of Minne-
sota. He moved in 1952 to the Universi-
ty of Michigan, where over the next 19
years he served in several key adminis-
trative positions, including vice-presi-
dent and dean of the graduate school. In
1971 he was appointed president of the
University of Texas, a position he held
until 1974. His forestry research has in-
volved work with aerial photography,
the measurement of vegetation and a
wide range of studies in silviculture and
forest ecology. Spurr also has a strong
interest in the social aspects of resource
utilization.

CLAUDIO REBBI (“Solitons”) is a
theoretical physicist on the staff of the
Brookhaven National Laboratory. Born
in Trieste, he studied physics at the Uni-
versity of Turin, from which he received
his doctorate in 1967. After a postdoc-
toral fellowship at the California Insti-
tute of Technology he taught for two
years at the University of Trieste. He
then spent two years as a research asso-
ciate at the European Organization for
Nuclear Research (CERN) in Geneva,
returning to the U.S. in 1974 as visit-
ing associate professor of physics at the
Massachusetts Institute of Technology.
He joined the Brookhaven staff in 1977.

CHARLES R. CARRIGAN and DA-
VID GUBBINS (“The Source of the
Earth’s Magnetic Field”) are geophysi-
cists at the University of Cambridge.
Carrigan is currently a NATO Postdoc-
toral Fellow in the department of geode-
sy and geophysics. A native of southern
California, he did his undergraduate
work in astronomy and physics at the
University of California at Los Ange-
les and went on to do graduate work in
geophysics there under Friedrich H.
Busse. After receiving his Ph.D. from
U.C.L.A. in 1977 for simulation experi-
ments on the earth’s core, Carrigan went
to Cambridge on a fellowship to work
with Dan P. McKenzie on “experimen-
tal problems related to thermal con-
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vection in the earth’s upper mantle.”
Gubbins is professor of geodesy and
geophysics at Cambridge, where he
obtained his Ph.D. in 1972 in the labo-
ratory of Sir Edward Bullard. He then
worked at the University of Colorado,
the Massachusetts Institute of Technol-
ogy and finally U.C.L.A., where he met
Carrigan, who was then a graduate stu-
dent. Gubbins returned to Cambridge in
1976 and joined the faculty the follow-
ing year.

JAMES F. CROW (“Genes That Vio-
late Mendel’s Rules”) is John Bascom
Professor of genetics at the University
of Wisconsin. He was born in Pennsyl-
vania, grew up in Kansas and was gradu-
ated from Friends University in Wichi-
ta. “In college my first intention was to
be a musician,” he writes, “but I soon
discovered I lacked sufficient talent and
switched to science. I chose genetics in-
stead of biochemistry for graduate work
because I could get a fellowship that
way.” After obtaining his Ph.D. in ge-
netics from the University of Texas in
1941, he joined the faculty of Dart-
mouth College. Seven years later he
moved to Wisconsin. Crow’s research
has been partly theoretical and partly
experimental, and it has involved prob-
lems in population genetics and evolu-
tionary theory. He is scientific adviser to
the Japanese-American joint study of
the atomic-bomb survivors and their
children, and he is chairman of the Risk
Panel of the National Academy of Sci-
ences Committee on Nuclear and Alter-
native Energy Systems. In his spare time
Crow plays the viola in the Madison
Symphony and in amateur chamber-
music groups.

STANLEY JOEL REISER (“The
Medical Influence of the Stethoscope”)
is director of the history of medicine
program at the Harvard Medical School
and clinical associate in medicine at
the Massachusetts General Hospital. A
graduate of Columbia University, he re-
ceived his M.D. degree at the Downstate
College of Medicine of the State Uni-
versity of New York in 1963. After a
medical internship at Long Island Col-
lege Hospital he went to Massachusetts
General as a clinical fellow and simulta-
neously pursued studies of science and
public policy at Harvard University’s
John F. Kennedy School of Govern-
ment. He obtained his master’s degree
in public administration at Harvard in
1966 and worked for the next two years
as a research associate in biomedical
sciences in the university’s Program on
Technology and Society. In 1969 he be-
gan teaching the history of medicine at
the Harvard Medical School and the
following year he received his Ph.D.
Reiser helped to found the history of
medicine program at Harvard and is
also codirector of the Interfaculty Pro-
gram in Medical Ethics.
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to avoid legal problems when selling and display-
ing your photographs. lllustrated. Qualit

softcover editions. 313.9&

58654. LITZEL ON PHOTOGRAPHIC COMPO-
SITION. Otto Litzel. Analyzes the elements of pic-
torialorganizationsand arrangements that are the
foundations of fine photography. 9" x 11”. Filled
with photos. $13.95

36370-2. THE BIRTH OF PHOTOGRAPHY/THE
SNAPSHOT PHOTOGRAPH/COLOUR PHO-
TOGRAPHY. Three absorbing accounts on vari-
ous aspects of image-making that also detail the
birth and development of photography. Counts as
2 of your 3 books.

69718-2. PORTRAITS. Richard Avedon. Essay by
Harold Rosenberg. More than eighty portraits
from the famous fashion-photographer—among
them such disparate subjects as de Kooing,
Warhol, Horowitz, Renoir, Buckley, Laing, and
Nevelson. Counts as 2 of your 3 books. %25.00

MEMBERSHIP BENEFITS @ In addition to
getting three books for only $1.00 each
when you join, you keep saving substantially
on the books you buy. ® Also, you will im-
mediately become eligible to participate in
our Bonus Book Plan, with savings of at least
70% off publishers’ prices. ® At 3-4 week
intervals 86 times per year) you will receive
the Book Club News, describing the coming
Main Selection and Alternate Selections, to-
gether with a dated reply card. In addition,
uP to 3 times a year, you may receive offers
of special selections, always at substantial
discounts. ® If you want the Main Selection,
or the special selection, do nothing and it
will be sent to you automatically. ® If you
prefer another selection, or no book at all,
simply indicate your choice on the card, and
return it by the date specified. ® You will
have at least 10 days to decide. If because
of late mail delivery of the News, you should
receive a book you do not want, we guaran-
tee return postage.
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—Yours FREE— —
for joining now!

FOCAL GUIDE TO EFFECTS AND TRICKS. Gunther
Spitzing. Quality softcover.

69250-2. PICTORIAL CYCLOPEDIA OF PHO-
TOGRAPHY. A to Z coverage in over 500 lucid
articles, illustrated with more than 400 photo-
graphs, 115 in color, and 250 diagrams. Counts as
2 of your 3 books. $22.95

Photography Book Society S-A1G :
Riverside, New Jersey 08370

Please accept my application for trial mem-
bership and send me the three volumes in-
dicated, billing me only $1.00 each. | agree
to purchase at least three additional Selec-
tions or Alternates during the first 12 months
| am a member, under the club plan de-
scribedin this ad. Savings range up to 30%
and occasionally even more. My member-
ship is cancelable any time after | buy these
three books. A shipping and handling
charge is added to all shipments

3 books for $1.00 each

Indicate by number the books you want.

I
|
I
I
I
|
|
|
|
|
|
1 1 [ ]!
|
|
|
|
|
|
|
|
|
|
|
|

Plus my free gift: FOCAL GUIDE TO EF-
FECTS AND TRICKS (48678).

A few expensive books (noted in book de-
scriptions) count as 2 choices

Name

Address

City

State Zp
(Offer good In Continental U.S. and Canada
only. Prices slightly higher in Canada.)
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MATHEMATICAL
GAMES

About rectangling rectangles, parodying

Poe and many another pleasing problem

by Martin Gardner

his month, as is my custom on oc-

casion, I offer a set of unrelated

elementary problems. I shall give
the answers to them next month, along
with references to relevant sources. Any
feedback of special interest from read-
ers will be discussed in a later column. I
open with a delightful new combinatori-
al problem of unknown origin. It was
passed on to me by Robert Tappay of
Toronto, who believes it comes from the
USSR

1. The Rotating Table. Imagine a
square table that rotates about its cen-
ter. At each corner is a deep well, and at
the bottom of each well is a drinking
glass that is either upright or inverted.
You cannot see into the wells, but you
can reach into them and feel whether a
glass is turned up or down.

A move is defined as follows: Spin the
table, and when it stops, reach each
hand into a different well. You may ad-
just the orientation of the glasses any
way you like, that is, you may leave
them as they are or turn one glass or
both.

Now, spin the table again and repeat
the same procedure for your second
move. When the table stops spinning,
there is no way to distinguish its corners,
and so you have only two choices: you
may reach into any diagonal pair of
wells or into any adjacent pair. The ob-

® O
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The game of turnablock
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ject is to get all four glasses turned in the
same way, either all up or all down.
When this task is accomplished, a bell
rings.

At the start the glasses in the four
wells are turned up or down at random.
If they all happen to be turned in the
same direction at this point, the bell will
ring at once and the task will have been
accomplished before any moves were
made. Therefore it should be assumed
that at the start the glasses are not all
turned the same way.

Is there a procedure guaranteed to
make the bell ring in a finite number
of moves? Many people, after think-
ing briefly about this problem, conclude
that there is no such procedure. It is a
question of probability, they reason.
With bad luck one might continue to
make moves indefinitely. That is not the
case, however. After no more than n
correct moves one can be certain of
ringing the bell. What is the minimum
value of n, and what procedure is sure to
make the bell ring in n or fewer moves?

Consider a table with only two cor-
ners and hence only two wells. In this
case one move obviously suffices to
make the bell ring. If there are three
wells (at the corners of a triangular ta-
ble), the following two moves suffice.

(1) Reach into any pair of wells. If
both glasses are turned the same way,
invert both of them, and the bell will
ring. If they are turned in different di-
rections, invert the glass that is facing
down. If the bell does not ring:

(2) Spin the table and reach into any
pair of wells. If both glasses are turned
up, invert both, and the bell will ring. If
they are turned in different directions,
invert the glass turned down, and the
bell will ring.

Although the problem can be solved
in a finite number of moves when there
are four wells and four glasses, it turns
out that if there are five or more glasses
(at the corners of tables with five or
more sides), there are no procedures
guaranteed to complete the task in n
moves. Next month I shall give one so-
lution for the problem with four glasses
and discuss some generalizations of the

© 1979 SCIENTIFIC AMERICAN, INC

problem developed by Ronald L. Gra-
ham and Persi Diaconis.

2. Turnablock. John Horton Con-
way's path-breaking book On Numbers
and Games (see this department for Sep-
tember, 1976) brought him a flood of
correspondence suggesting new games
that could be analyzed by his remark-
able methods. One such suggestion, from
H. W. Lenstra of Amsterdam, led Con-
way to develop a new family of games,
one of the best of which he calls turn-
ablock.

Turnablock is played on any n-by-n
checkerboard, using n2 counters with
sides of different colors. The counters
included in the popular board game
Othello (a new name for the old British
game of reversi) can be used for turna-
block, or counters can be made by pair-
ing poker chips of different colors. I
shall call the two colors black and white.
Here I shall describe only the simplest
nontrivial version of the game, the one
played on the three-by-three board; next
month I shall discuss how Conway gen-
eralizes it.

At the start of the game the counters
may be arranged in any pattern, but for
the purposes of this problem assume
that the game starts with the alternating-
color pattern shown in the illustration
on this page. Each player moves by
turning over all the counters in any a-
by-b rectangular block, where a and b
are any two positive integers from 1
through 3. Thus a player’s block may be
a single counter, a one-by-two ‘“‘domi-
no” (oriented horizontally or vertically)
or any larger configuration up to the en-
tire three-by-three board.

There is one essential rule in turna-
block: A block may be reversed only if
there is a black counter in its lower right-
hand corner. It is assumed that both
players are seated on the same side of
the board; otherwise the player on one
side may turn a block only if there is a
black counter in what for him is the up-
per left-hand corner. The two players
take turns making moves; each player
must turn a block when it is his move,
and the player whose move leaves all the
counters with the white side up is the
winner. The rule guarantees that even-
tually all the counters will be turned
with their white side up and the game
will end. With the starting pattern shown
in the illustration the first player can al-
ways win if he plays correctly. What are
his winning first moves, and what must
his playing strategy be?

3. Persistences of Numbers. N. J. A.
Sloane of Bell Laboratories, who is the
author of the valuable reference work
A Handbook of Integer Sequences, intro-
duced into number theory the concept
of the “persistence” of a number. A
number’s persistence is the number of
steps required to reduce it to a single
digit by multiplying all its digits to ob-
tain a second number, then multiplying
all the digits of that number to obtain a
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These two Mercedes-Benz cars
just rewrote Diesel history—by adding the
word“performance?”

I t was a 1-2 punch that forever
shattered the “stodgy Diesel”
image. First, that ultra-
streamlined 195.4-mph coupe
sped to 9 world records in 12
hours on the power of a revolu-
tionary Diesel engine. Then
Mercedes-Benz put the same
basic engine in a car you can
buy: the 300SD Turbodiesel
Sedan. Atlong last, the perform-
ance Diesel is here - and from
stoplights to filling stations, the
benefits must be experienced to
be believed.

Do not confuse the Mercedes-
Benz 300SD Turbodiesel Sedan with
any Diesel automobile you have
driven or heard about before.

It is the most technically ad-
vanced Diesel that Mercedes-Benz
has ever built-but beyond this, it is
probably the most exciting Diesel au-
tomobile anyone has ever built for
public sale.

“The most stunning quality of
the 300SD, by far, is its
acceleration’”

- AUTOWEEK
Generating much of that excitement
is an engine unlike any ever used in a
Diesel car before: a 5-cylinder, 3-liter,
turbocharged engine.

After testing the Turbodiesel with
this power plant, Road & Track maga-
zine reported that its 0-60 time of
12.7 seconds eclipsed all other pro-
duction Diesel cars available today.

Diesel driving, transformed

The effect in everyday driving must
be felt to be fully grasped.

You are turbocharged away from
stoplights, up long grades, through
passing maneuvers, with a feeling of
power to spare. In bhighway traffic,
you can maintain the pace with vel-
vet ease.

That newfound sense of power is
no illusion: turbocharging this Diesel
engine boosts maximum power by
43 percent - and maximum torque
by a lusty 46 percent.

195.4-mph Diesel engine
The engine that powers the 300SD
Turbodiesel Sedan barely differs in
design and major components from
the engine that recently made per-
formance history.

The date was April 30,1978. The
place, a circular 7.8-mile track at
Nardo, Italy. Driving in relays, dodg-
ing fog, fatigue and the odd errant
hedgehog, four drivers piloted
their fin-tailed C-111/3 research vehi-
cle around and around and around -
until, 12 hours later, 9 new world
speed records had been set. That
C-111/3 had lapped Nardo at an aver-
age speed of 195.4 mph for the full 12
hours - including one extraordinary
lap at 203 mph.

Diesel efficiency unchanged
Yet the most amazing news about the
Turbodiesel engine may not be its
performance at all.

Note that while it was averaging
195.4 mpb for those 12 hours, that
C-111/3 record car was also averaging
14.7 miles per gallon.

In short, you can have your cake
and eat it too. Vivid new performance
has been injected into the Diesel
engine - without subtracting from its
legendary fuel efficiency by as much
as a single drop.

For example, compare the Turbo-
diesel with the lively 300D Sedan and
its similar but un-turbocharged en-
gine. Though alarger car than the
300D and a good 320 Ibs. heavier, the
Turbodiesel is not only quicker in ac-
celeration; it uses even less fuel. EPA
estimates show 29 mpg in highway
driving, 24 mpg in the city. (Your
mileage of course will depend on the
condition and equipment of your car
and on where and how you drive.)

“The handling is superb, the
suspension always in control. It
is a pleasure to drive...and drive

...and drive”
- AUTOWEEK
The 300SD Turbodiesel would be
newsworthy even if there were noth-

ing new under its hood.

It is the roomiest Diesel
Mercedes-Benz has ever built, the
most sumptuously appointed, and
the most civilized to ride in.

“On the sound meter,” Road &
Track found, “the 300SD’s readings
were virtually identical to those of
the 450SEL we tested last May”

But despite a plush interior envi-
ronment of soft velour carpet and
hand-finished veneers and thickly
padded seats, the Turbodiesel shines
in brisk driving; it aims for over-the-
road performance seldom found in
“luxury” or “prestige” sedans.

Consider some vital statistics. It is
less than 18 feet long, needs a mere
2.7 turns of the steering wheel lock-
to-lock, and whips around within a
turning circle of 38 feet. It is almost
playfully maneuverable.

And it needn’t be babied along on
back roads. The fully independent
suspension helps assure that the tires
are in constant contact with the road.
The car is not knocked off course by
every bump and pothole.

The engineers even built a shock
absorber into the Turbodiesel’s
steering system, to help muffle the
jolts before they can reach your
hands on the wheel. Engineering lux-
uries abound: gas-pressurized shock
absorbers, light-alloy wheels, and
four-wheel disc brakes.

Power-assisted steering and
brakes, and a precision-engineered
automatic transmission with four
speeds, help make this performance
car almost physically effortless to
drive.

Can you resist a test drive?
With the 300SD Turbodiesel,
AUTOWEEK concludes, “The Diesel
passenger car has come of age”

It seems only logical that the com-
pany that pioneered the world’s first
production Diesel passenger car in
1936 should, two million cars
and 50 years of experience
later, pioneer the perform-
ance Diesel sedan.

©1978 Mercedes-Benz of North America, Inc.. One Mercedes Drive. Montvale, N J. 07643

The record-breaking Mercedes-Benz C-111/3 (right) and the 300SD Sedan,

powered by the same basic turbocharged Diesel engine.
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Rectangled rectangles

third number, and so on until a one-digit
number is obtained. For example, 77
has a persistence of four because it re-
quires four steps to reduce it to one dig-
it: 77— 49 —36— 18— 8. The smallest
number of persistence one is 10, the
smallest of persistence two is 25, the
smallest of persistence three is 39 and
the smallest of persistence four is 77.
What is the smallest number of persist-
ence five?

Sloane determined by computer that
no number less than 1050 has a persist-
ence greater than 11. He conjectures
that there is a number ¢ such that no
number has a persistence greater than c.
Little is known about persistences in
base notations other than 10. In base
two the maximum persistence is obvi-

ously one. In base three the second term
of the persistence sequence for any
number is either zero or a power of 2.
Sloane conjectures that in base three all
powers of 2 greater than 215 include a
zero. Calculations show that Sloane’s
conjecture is true up to 250, but there is
no formal proof of it. Of course, any
number with zero as one of its digits is
reduced to zero on the next step. Hence
if the conjecture is true, it follows that
the maximum persistence in base three
is three, as is illustrated by the follow-
ing sequence: 222,222,222,222,222 —
215 (which equals 1,122,221,122 in base
three) — 1,012 — 0. Sloane also conjec-
tures that there is a number ¢ for any
base notation b such that no number in
base b has a persistence greater than c.

18 x 1 l
— —
|
13 x 3
4 x 1
5x10
13
7 %7
6 <9
16 x 2
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The smallest rectangle that can be tiled with incomparable rectangles
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Let us call Sloane’s persistence a mul-
tiplicative persistence to distinguish it
from additive persistence, a term intro-
duced by Harvey J. Hindin after he had
learned of Sloane’s work. The additive
persistence of a number is the number
of steps required to reduce it to one dig-
it by successive additions. Recreational
mathematicians and accountants know
this process as “casting out nines” or ob-
taining a number’s “digital root,” pro-
cedures that are equivalent to reducing
the number modulo nine. For example,
123,456,789 has an additive persistence
of two: 123,456,789 — 45 —9.

Unlike multiplicative persistence, ad-
ditive persistence is relatively trivial and
almost everything about it is known.
For example, in base two the small-
est number of additive persistence four
is 1,111,111. In base three the num-
ber is 122,222,222. What is the small-
est number of additive persistence four
in base 10?

4. Nevermore. Three remarkable par-
odies of Edgar Allan Poe’s “The Raven”
appeared in recent issues of Word Ways,
a fascinating journal of recreational lin-
guistics edited and published by A. Ross
Eckler (Spring Valley Road, Morris-
town, N.J. 07960). Each parody is based
on a specific form of wordplay familiar
to readers of Word Ways. All three
poems parody the entire Poe poem, but I
shall quote only the first stanzas of each.

1)

Midnight intombed December’s
naked icebound gulf.

Haggard, tired, I nodded, toiling
over my books.

Eldritch daguerreotyped dank
editions cluttered even my bed;

Exhaustion reigned.

Suddenly, now, a knocking, echoing
door I cognized:

“Eminent Boreas, open up no door!

Go, uninvited lonely frigid haunt!

Avaunt, grim guest—and roar!”

2

On one midnight, cold and dreary,
while I, fainting, weak and weary,

Pondered many a quaint and ancient
volume of forgotten lore,

While I studied, nearly napping,
suddenly there came a tapping,

Noise of some one gently rapping,
rapping at the chamber door.

“Oh, some visitor,” I whispered,
“tapping at the chamber door,

Only one, and nothing more.”

(3)

On a midnight, cool and foggy,
as I pondered, light and groggy.

Ancient books and musty ledgers,
not remembered any more,

As I nodded, all but napping,
there I sensed a muffled tapping,



“We would say without hesitation that
the Vivitar 90-180mm zoom is superior to any
other zoom in the close range.™

*Herbert Keppler, ‘‘How good are macro zoom lenses?,’ Modern Photography Magazine, January, 1978.

Ever since the first zoom lenses for still
photography were introduced, conven-
tional photographic wisdom has
proclaimed that zooms could not equal
the optical performace of fixed focal
length lenses. While that may be true in
purely theoretical terms, in practice there
is now a zoom lens with resolving power
that equals some of the best fixed focal
length lenses and approaches the per-
formance of special purpose fixed focal
length macro length lenses. The Vivitar
Series 1® 90-180mm f4.5 zoom lens
combines the advantages of variable focal
lengths with excellent corner-to-corner
flat field resolution.

Photographic specialists will im-
mediately see the advantages of working
with this lens; the ability to select a given
reproduction ratio down to 1:2 and then
change that ratio to another without
moving the camera or subject and with-
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out having to compensate for a change in
exposure. Medical photographers will
find their ability to cover a procedure
while staying clear of the surgical team
greatly enhanced.

The 2:1 telephoto zoom range allows
precise framing without changing
camera-to-subject distance, a particularly
valuable feature for the photographer
working with color positive films. Copy
work with two-dimensional subjects of
varying sizes is appreciably facilitated.
Field workers in many branches of science
will welcome it for reducing the number
of fixed focal length lenses they must
carry. Surely it is an ideal tool for field
documentation.

The optical configuration of this lens is
unconventional. Among the 18 optical
elements arranged in 12 groups are some
of exceptional thickness.Ten types of

optical glass are represented: combina-
tions of high (approaching refractive
indices of 2.0) refraction/high dispersion
positive lenses working with low refrac-
tion/low dispersion negative elements
eliminate many aberrations normally
considered acceptable in general purpose
zoom lenses.

The Series 1 90-180mm zoom was
designed to meet the exacting standards
of medical, scientific, and industrial
specialists. It is precisely for this reason

that it should not be overlooked by the
professional generalist or demanding
enthusiast. Photographers who have
eschewed zooms as not up to their per-
sonal standards of resolution and contrast
while wishing they could have the
convenience of zoom operation will be
delighted to find that they can, at last,
have the best of both worlds.The Series 1
90-180mm zoom may well become
known as the specialized lens that’s

most often taken home on the weekends.

ALL DATA AT SOMM POSITION
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Specifications: Focal Length: 90-180mm.
Aperture Range: f4.5-22. Construction:
18 elements, 12 groups. Angle of
Acceptance: 27°-13°Weight: 1.09kg.
Length: 158mm (6.2 in.). Diameter:
75mm (3 in.). Accessory Size: 72mm.
Lens Coating: VMC (Vivitar Multi-
coating). Closest Focusing Distance:
69.1cm (27.2 in.) from Film Plane;
46cm (18.1 in.) from Front Element.
Maximum Reproduction Ratio: 1:2.
Manufactured to fit precisely: Nikon,
Canon, Minolta, Konica, Olympus,
Pentax, Vivitar and universal thread
mount cameras.

Vivitar Corporation, 1630 Stewart Street,
Santa Monica, CA 90406.
In Canada: Vivitar Canada Ltd./Ltée

Vivitar. Series 1
90-180mm £4.5 flat
field zoom lens.

©Vivitar Corporation, 1978
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Very much a hushful rapping,
just behind my attic door.

“'Tis a guest, mayhap,” I muttered,
“knocking at my attic door—

I can’t judge it’s any more.”

The first parody is by Howard W. Ber-
gerson, author of the Dover paperback
Palindromes and Anagrams. He set him-
self such a difficult task that it was im-
possible to retain Poe’s original meter
and rhyme scheme. The other two paro-
dies are by Eckler. The last was harder
to write, but in both cases he was able
to preserve the meter and rhyme scheme
of the original. What curious linguistic
structures underlie the parodies?

5. Rectangling the Rectangle. There is
a classic dissection problem known as
squaring the square: Can a square be cut
into a finite number of smaller squares
no two of which are the same size? The

solution to this problem was discussed
in an article written for this department
by graph theorist William T. Tutte (No-
vember, 1958) and reprinted in my 2nd
Scientific American Book of Mathematical
Puzzles & Diversions. At that time the
best solution known (“best” meaning
with a minimum number of different
squares) required 24 squares. In 1978
this figure was lowered to 21 squares by
A.J. W. Duijvestijn, a Dutch mathema-
tician, as was reported in Scientific Amer-
ican (June, 1978, pages 86-88). It had
been known that 21 was the smallest
number possible, and Duijvestijn was
also able to show that his pattern for
that number of squares is unique. More
recently he has found two squared
squares containing 22 squares and the
best solution, also with 22 squares, for
squaring the domino (a rectangle with
one side twice the length of the other).

]

Trace the shape of the smaller figure in the larger one
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A somewhat analogous problem is to
divide a nonsquare rectangle into the
minimum number of smaller rectan-
gles in such a way that no two sides of
two different rectangles have the same
length. It is not hard to show that the
minimum number of internal rectangles
is five. Now add the condition that all
sides of all six rectangles (including the
outer one) are integers. Scott Kim has
proved that no solution is possible in
which the integers 1 through 12 are used
for the 12 different edge lengths, al-
though one can come close. The figure
shown at the top left in the top illustra-
tion on page 20 is a solution by Kim that
includes 11 twice and omits 10. If the
sides of the outside rectangle are ig-
nored, the consecutive integers from 1
through 10 will do the trick, as Graham
has proved with the rectangle shown at
the top right in the illustration.

The figure shown at the bottom in the
illustration is reproduced from Mathe-
matical Puzzles, a challenging collection
by Stephen Ainley (G. Bell and Sons,
Ltd., 1977, page 59). It displays one of
two solutions in which all 12 edges are
different, although not consecutive, and
the area of the outside rectangle is re-
duced to 128. Ainley states that this is a
minimal area but gives no proof.

Now relax the conditions slightly so
that only the 10 different edges of the
five internal rectangles must be distinct
and integral. What solution has an outer
rectangle of the smallest area? This
problem was first solved by C. R. J. Sin-
gleton, who sent it to me in 1972. There
is only one solution. Can you find it?

The more difficult but closely related
problem of finding the smallest rectan-
gle that can be divided into incompara-
ble rectangles was posed by Edward M.
Reingold as Problem E2422 in The
American Mathematical Monthly (Vol.
80, No. 6, June-July, 1973, page 691); a
solution was published in the same jour-
nal the following year (Vol. 81, No. 6,
June-July, 1974, pages 664-666). Two
rectangles are called incomparable if
neither one can be placed inside the oth-
er and aligned so that corresponding
sides are parallel. Reingold, Andrew C.
C. Yao and Bill Sands, in “Tiling with
Incomparable Rectangles” (Journal of
Recreational Mathematics, Vol. 8, No.
2,1975-76, pages 112-119), prove many
theorems about this problem.

The minimum number of incompa-
rable rectangles needed to tile a larger
rectangle is seven. If all sides are inte-
gral, the outside rectangle with both the
smallest area and the smallest perimeter
is the 22-by-13 rectangle shown in the
bottom illustration on page 20. It was
found by Sands. A square can be tiled
with seven incomparable rectangles hav-
ing integral sides if and only if its side is
34 or larger, but eight rectangles can tile
a square of side 27. This square is the
smallest one known that can be tiled
with incomparable rectangles, but it has



not been proved to be the smallest one
possible. For details consult the paper
by Reingold, Yao and Sands.

In 1975 the first problem, of rectan-
gling the rectangle, was generalized to
three dimensions by Kim. There is an
elegant proof that a cube cannot be cut
into smaller cubes no two of which are
alike. (See my 2nd Scientific American
Book of Mathematical Puzzles & Diver-
sions, page 208.) Can a cube be “boxed”
by cutting it into smaller boxes (rectan-
gular parallelepipeds) so that no two
boxes share a common edge length? The
answer is yes, and Kim was able to show
that the minimum number of interior
boxes is 23. Later William H. Cutler de-
vised a second proof that 23 is minimal,
but neither he nor Kim has published his
proof. Cutler found 56 essentially differ-
ent ways to box the cube. If all the edges
of such a cube are integral, the smallest
cube that can be boxed is not known.

Another unsolved problem is to de-
termine the noncubical box of smallest
volume that can be sliced into 23 (or
possibly more) boxes with no edge in
common and all edges integral. Cutler
found a box that is 147 by 157 by 175
and splits into the following 23 boxes:

13 by 112 by 141 27 by 36 by 48
18 by 72 by 82 34 by 110 by 135
23 by 41 by 73 57 by 87 by 97
31 by 69 by 78 16 by 74 by 140
38 by 42 by 90 21 by 52 by 65
14 by 70 by 75 28 by 55 by 123
19 by 53 by 86 35 by 62 by 127
26 by 49 by 56 17 by 24 by 67
33 by 46 by 60 22 by 107 by 131
45 by 68 by 85 30 by 54 by 134
15 by 44 by 50 37 by 83 by 121
20 by 40 by 92

It is not easy to fit these boxes together
to make the large box. As far as I know
no one has worked on a three-dimen-
sional version of Reingold’s incompara-
ble rectangles.

6. Three Geometric Puzzles. (1) The
puzzle shown in the illustration on the
opposite page is reproduced from last
year’s September-October issue of the
magazine Games, a colorful, entertain-
ing new bimonthly now in its third year
of publication. (For subscription infor-
mation write to Games, 515 Madison
Avenue, New York, N.Y. 10022.) The
task is to trace in the larger figure a
shape geometrically similar to the small-
er one shown below it.

(2) The puzzle shown in the top illus-
tration on this page is from a special
issue of the French magazine Science et
Vie (September, 1978) that was devoted
entirely to recreational mathematics. In
each row the third pattern is obtained
from the first two by applying a rule.
What is the rule, and what pattern goes
in the blank space in the third row?

(3) The trapezoid shown in the illus-
tration at the right is called a triamond,
or an order-three polyiamond, because

Find the rule

it can be formed by joining three equi-
lateral triangles. In a show last fall at
the 55 Mercer Gallery in New York,
Denis McCarthy exhibited a striking
tessellation made up of 174 of these
shapes. They were cut from corrugated
cardboard, so that under slanting light
their ribbed surfaces would create pat-
terns of light and dark triamonds that
would vary with the position of the
viewer [see top illustration on next page).

There is an old puzzle that asks how to
cut the triamond into four congruent
parts. The illustration below gives the
traditional solution. Richard Brady, a
mathematics teacher in Washington,
D.C,, tells me that when Andrew Miller,
one of his pupils, encountered the prob-

lem in Harold R. Jacobs Geometry
(W. H. Freeman and Company, 1974,
page 188), he found a different solu-
tion. In Miller’s new solution all four
regions do not have the same shape as
the larger figure, but they are identical
if one or more may be turned over.
What is the new solution?

he solution to “The Packer’s Secret,”
an old French puzzle described here
last month, is shown in the bottom illus-
tration on the next page. In doing the
actual puzzle it is expedient to start with
one penny in the center; after 11 more
have been placed around it, the center
penny can be moved out to the rim.
In my column on twisted prismatic

Do it another way
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Detail of Denis McCarthy’s tessellation of 174 triamonds

rings in August of last year I cited a 1972
article as the only English reference I
knew of on the topic. H. T. McAdams
sent me a copy of his note “The Sieve of
Eratosthenes and the Mobius Strip”
(The American Mathematical Monthly,
Vol. 55, No. 5, May, 1948, pages 308-
309), in which the rings are discussed
briefly and perhaps for the first time.
Shortly thereafter McAdams’ table of

numbers, which relates the properties of
the rings to the ancient sieve for gener-
ating primes, appeared on the cover of
The Fantopologist, a science-fiction “fan-
zine.” It may be from this table that
Theodore Sturgeon got the idea of using
such a ring in his 1949 science-fiction
story “What Dead Men Tell,” which I
cited at the end of my December col-
umn last year.

Solution to “The Packer’s Secret” puzzle
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“The most complete
and most scholarly dictionary of

the English language”

—The Christian Science Monitor

The Compact Edition of the Oxford English Dictionary.
As an introduction to membership in the Book-of-the-Month Club®

YOURS FOR ONLY

$1750

(PUBLISHER'S LIST PRICE: $125)

You simply agree to buy 4 books
within a year.

For the price of an average dictionary,
%/Ou_can now treat yourself and your
amily to the world's best dictionary of
the English language. The contents of
this two-volume edition are identical to
those of the original thirteen-volume
set, priced at $395.

FEATURES

Box}f:d set of two volumes, 9%” by 13%”
each.
All 16,569 pages of the 13-volume original
included in 4134 pages of The Compact Edi-
tion through a photo-reduction process
which permits printing of four pages of
original on one page of compact edition.
Paper is 30-pound Special Dictionary
White.
Binding is library buckram reinforced and
ﬁold-stamped. .

ausch & Lomb magnifying glass included
in special drawer of #ipcase 2” by 3%” lens
scientifically deaned to make reduced
print easily readable.
Book critics call the OED a “miracle.” Join
the Book-of-the-Month Club and this “mira-
cle” can be yours now. As a Club member,
you'll continue to enjoy benefits on the best
and most important books published today.
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Hewlett-Packard

The HP 300. An innovation that puts
high-powered, flexible computing
into a small, compact console.

No larger than a free-standing terminal, the
HP 300 is a new, low-cost business system
that achieves a new level of computing
concentration. Once programmed, it is
friendly enough for people with no com-
puter experience to use,yet packs a breadth
of capabilities that will surpass normal
expectations of a sophisticated
applications designer.

The HP 300 computer is designed to simplify the de-
velopment and control of dedicated on-line business
applications. It incorporates HP’s proprietary silicon-
on-sapphire (SOS) integrated circuit technology:
Exhaustively tested and refined, SOS semiconductor
chips give the HP 300 the related benefits of smaller
size, greater performance, and lower cost than com-
puters using traditional technologies. The HP 300 is
designed for office environments and plugs into a
standard electrical outlet.

The HP 300 can handle up to 16 terminals in transac-
tion processing environments, and its “virtual mem-
ory” allows the use of extremely large programs and
data sets without being confined to physical memory
size. A powerful new operating system, Amigo/300, in
conjunction with an integrated display system (IDS),
greatly simplifies user interface, and enables the HP
300 to perform both as a multiprogramming and mul-
titasking system. For example, the HP 300 can print
reports at the same time that higher-priority data entry
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computer advances
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or data base management inquiry operations are tak-
ing place at the system’s terminals.

Eight programmable soft keys on the side of the video
display screen can be captioned to give the operator a
series of choices in performing a job. The display itself
can be divided into multiple “windows” to view and
control different parts of an application. These win-
dows can even be scrolled individually, both vertically
and horizontally, to a width of 160 columns and a
length of several thousand lines.

Two widely used business languages, RPG II and Busi-
ness BASIC, are available, as are IMAGE/300 data base
management with an English-like inquiry capability
and TYPIST/300 text editing. There’s even a HELP key
that gives the user direct access to an on-line reference
manual for the system. Full control of all job priorities
and applications is maintained at the HP 300’s central
console.

The price of the system is $36,500 with 256k bytes of
main memory, 1 megabyte of mass storage on one
flexible disc drive, and one 12-megabyte fixed disc.
This can be expanded to 1 megabyte of main memory
and 240 megabytes of disc storage. In brief, the HP 300
offers the capabilities, flexibility, and growth potential
of computers costing two or three times its price.

A working partnership with HP.

This informative management booklet outlines HP’s
approach to doing business. It summarizes the
expertise, resources, support, and computer
products we bring to customers. For a
free copy write to A.P. Oliverio, Vice
President, Marketing, Hewlett-
Packard Co., 1505 Page Mill Rd.,
Palo Alto, CA 94304.
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extend your possibilities.

The HP 3000 Series 33 computer system.

Another innovation that, through advanced LSI technology,
delivers major business system capability in a desk-styled package.

With the Series 33, Hewlett-Packard adds a
low-cost, compatible member to its 3000
computer family: powerful systems that
adapt to your operational requirements for
the management of manufacturing and
other business information.

Another dramatic example of HP's advanced silicon-
on-sapphire (SOS) technology is the HP 3000 Series 33.

This general-purpose major business system is espe-
cially well suited to on-line transaction processing
applications such as order processing, inventory con-
trol, and material management. It is a relatively low-
cost answer for many companies that can afford only
one computer, or for larger organizations implement-
ing distributed processing.

Its power can be simultaneously tapped by users at up
to 32 terminals, and the Series 33 runs the same mul-
tiprogramming executive operating system—MPE-III,
as the larger HP 3000 systems. This means the new
Series 33 can immediately share in the thousands of
man-years of software development for HP 3000 sys-
tems. The Series 33 also provides IMAGE/3000, HP’s

HEWLETT 'hp; PACKARD

1505 Page Mill Road, Palo Alto, California 94304

For assistance call: Washington (301) 948-6370, Chicago (312) 255-9800,
Atlanta (404) 955-1500, Los Angeles (213) 970-7500

award-winning data base management software, and
its easy-to-use QUERY capability. A new data entry
software package, VIEW/3000, makes it easy for experts
and beginners alike to create business forms on system
video terminals and to enter data into files without
writing a program.

The Series 33’s system console includes a built-in
diagnostic microcomputer for on-the-spot diagnostic
testing. With a modem, HP service specialists can even
communicate with the Series 33 by telephone for
long-distance troubleshooting.

Abase system includes the computer—now only three
SOS chips on two printed circuit boards instead of
nine printed circuit boards—256k bytes of error-
correcting main memory, a 1 megabyte flexible disc, a
20 megabyte cartridge disc, and the system/
maintenance console. The Series 33 can grow with
your needs to 1 megabyte of main memory, and can
use up to 8 disc drives with 960 megabytes of disc
storage. A wide range of peripherals—magnetic tape
drives, printers, and terminals—further increases a
user’s ability to tailor an HP 3000 Series 33 to a specific
application and changing it as operations demand.
Prices start at $70,000*.

/_Mail to: Hewlett-Packard, 1505 Page Mill Road, Palo Alto, CA 94304
Please send me further information on

() HP 300 computer system
() HP 3000 Series 33 computer system

Name

Company

Address

k City State Zip.

*Domestic US. prices only 00942
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BOOKS

Beer made naturally, the strange story

of the poison dioxin and other matters

by Philip Morrison

EER  NATURALLY, by Michael
B Hardman, photographs by Theo

Bergstréom. Bergstrom & Boyle
Books Limited, London. Two Conti-
nents, 30 East 42nd Street, New York,
N.Y. 10017 ($4.50). Why was Burton-
on-Trent built on Trent? “Because the
gypsum content of the local well water
helped to produce a first-rate clear
beer.” Throughout the world brewers
treat their local water to imitate the gyp-
sum content in the well water of the
lovely Trent valley. Less prosaically, the
reader can follow the large photo-
graphs, some in color, from the green
spires of the hop field through the gold-
en rows of barley falling before the
reaper to the barmaid at the tap and the
happy men, the day’s work behind them,
calling for “a pint of beer, naturally.”

This paperbound album of handsome
photographs and its brief yet detailed
text sum up an understandable and in-
teresting industry that produces the clas-
sical malt beverages with a technology
halfway between craftsmanship and
chemical engineering—the Georgian
and early Victorian brewing industry
that is still active in Britain. Here are its
tools: the wood paddle for skimming the
yeast, the wood shovel for turning the
germinating grains of barley, the big
coppers and the warehouses of cooper-
age, even the conical drying house for
the conical fruit of the hops. Here are its
people (the hop picker and the master
brewer) and here is its jargon (firkin and
oast house, wort and spile, isinglass and
stillage).

Water is of course the base; it is 90
percent of any beer. For 1,000 years the
Germans and their neighbors have add-
ed the bitter hop fruit, not only a flavor-
ing but also a bacteriostatic agent. For
a while hopped beer (by way of the
Dutch) struggled for English accept-
ance; what the English then drank un-
hopped was called ale, and beer was
its -hopped Continental competitor.
Hopped beers have been ascendant ever
since the Flemish came to grow hops in
Kent in Shakespeare’s time. Today the
two words, beer and ale, have the same
meaning. A natural beer (the ingredients
are legally specified in Germany today)

28

is brewed solely from barley, hops,
yeast and water. There are two enzymat-
ic stages. The first is malting, in which
the living barley grains germinate and
the enzyme diastase, among others, con-
verts the starch of the cereal into various
sugars that are more accessible to the
next microbial stage. That stage is fer-
mentation by yeasts, which yields car-
bon dioxide and ethyl alcohol, the two
staple molecules in the complex, flavor-
ful and aromatic mix that is beer as a
whole.

The darkness of some natural beers
comes from the browning of the sprout-
ed barleycorns as they dry in the hot air
of a kiln. When the barley has germinat-
ed (formerly by being turned over and
over again with a wood shovel, now
more easily in rotating drums), it is
sieved, cleaned and ground. Brewing
proper is the steeping of the malt grist in
hot water (in this trade water is always
called liquor) until the mixture, a mash
as thick as porridge, has yielded its solu-
bles in just amount. The process may be
automated to the hilt, with recording
thermometers and flashing lights, or it
may be left to the ripe judgment of the
mash master. After a couple of hours
there pours out of the mash tub the
sweet liquid called wort. Once that was
sent straight to fermentation. Now it is
boiled with the dried hop fruits, again a
matter of skill and taste, with many sub-
tle sources of distinction in time, type of
hops and so on. Powdered and pellet-
ized hops are often used in the quest for
surety.

Next the wort is fermented by yeasts,
an exacting piece of microagriculture.
Here the action is that of a live microor-
ganism, and the options for culture mul-
tiply; national beers reflect yeast types
and treatments. Only scrupulous clean-
liness makes possible adequate control;
infection is always a hazard, and the
hops narrow the range of infectants. The
time is now measured not in hours but in
days or weeks. Then the beer is cleared
by settling and by its own bubbling, and
finally most of the remaining yeast is
brought down by the addition of finings
(the viscous isinglass derived from stur-
geon swim bladders is traditional). Now
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is the time of the tasting, a social occa-
sion in the brewery.

The beer is casked and shipped still
alive with residual yeast, whose contin-
ued growth is controlled by the pub. By
manipulating leaks from the cask with
pegs driven through a soft-cored bung in
the cask top, the production of carbon
dioxide is controlled, guarding against
the Scylla of flatness and the Charybdis
of fizziness. More than a few days at
cellar temperatures just below 60 de-
grees Fahrenheit and the air-containing
cask will go “off.” The good landlord
anticipates the demand; he serves mild
and bitter at the needed rate with a beer
engine (a hand-driven suction pump) or
with a power assist.

Most bottled beer and beer in pressur-
ized kegs is different. It is meant to travel
well and keep longer; the yeasts are fil-
tered out, no settling time is needed and
the liquid is often pasteurized. It can
make no more gas and so it is stored
pressurized, with carbon dioxide added.
The well-chilled American beers belong
to this large class. The reformist authors
of Beer Naturally combine a touch of
nostalgia with their sense of gourmetry:
for them the consistently processed
chemical-engineering beers, fermented
on a large scale by continuous flow and
not in batches, pressurized, filtered and
pasteurized, “‘are not the same. ... They
are missing the taste of the barley field
and the hop garden.”

Indeed, even though Americans drink
three times as much beer as the British,
the U.S. barley crop is about the size of
the British one. The label on the six-
pack explains: American brewers add to
their malted barley much extra starch
from rice, maize or wheat. (One of the
leading national American beers is in
fact mainly a rice beer, although with
not much taste of rice or anything else!)
The disposable container has long fa-
vored centralized large-scale brewing;
nearby breweries are relatively better
off with reusable containers. Quickly
perishable natural beers are no longer
much seen across the U.S., even when
the beer is drawn from a tap and the sign
proclaims an ancient European name.

It is illegal even today to make beer in
Germany of ingredients other than the
classic four. The old law was probably
intended to conserve the finer cereals for
bread more than to ensure the barley-
malt flavor. It may be that today we win
our grain all too easily.

onxm: ToXICOLOGICAL AND CHEMI-
cAL AsPECTS, edited by Flaminio
Cattabeni, Aldo Cavallaro and Giovan-
ni Galli. SP Medical & Scientific Books,
a division of Spectrum Publications,
Inc., distributed by the Halsted Press,
John Wiley & Sons ($20). The molecule
nicknamed dioxin, whose proper title is
2,3,7,8-tetrachlorodibenzo-para-dioxin
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(acronym TCDD), is not a very complex
substance. It is elegantly symmetrical:
two benzene rings joined side by side,
linked in their own plane by a double
bridge of oxygen atoms and fringed on
each outer edge by two chlorines substi-
tuted for the outermost hydrogens. The
molecule’s pattern is neat but its work is
deadly. A fatal dose of such powerful
agents as heroin or cyanide for a person
of normal size has about the bulk of half
a tablet of aspirin; dioxin is more toxic
by a rough factor of 100, the most poi-
sonous small molecule we know.

It is a synthetic product derived more
or less inadvertently from the large-
scale manufacture of polychlorinated
single benzene rings, an essential step in
the production of the widely used herbi-
cides 2,4-D and 2,4,5-T. From 1949 on
there have been severe accidents in five
countries during industrial preparation
of the intermediate, several hundred
workers having been affected as a conse-
quence of such ‘“‘uncontrolled condi-
tions” as fire or explosion. What sub-
stance was to blame became known only
in 1957, when research laboratories in
Germany and the U.S. synthesized diox-
in (the American workers actually made
the bromine analogue) in conventional
20-gram lots. “In both cases [a] labora-
tory worker was hospitalized.” Remark-
ably, the German chemist entered, for
treatment of his extreme case of acute
acne with pustules forming at all the lit-
tle oily glands around the hair follicles
of the skin, the very Hamburg hospital
where, a few years before, a number of
chemical-factory workers had appeared
with the same affliction. The identifica-
tion was confirmed.

The effect is form-specific: some-
where in life the poison fits. Modify the
molecule by replacing four more hydro-
gens with chlorine and the lethal dose
rises (in rats) 50,000-fold. Try only two
or three chlorines in the molecule and
virulence is similarly reduced; keep the
fourfold form only (but all bromine at-
oms instead of chlorine) and the dose is
little changed. The substance has many
effects. Acne arises from contact, even
in rabbits, and the stuff is fatal to rats in
a single oral dose; the animals show lit-
tle interest in food and waste away in
a month. A similar total dose adminis-
tered chronically at the rate of a few
micrograms a day kills laboratory ani-
mals quite surely.

The effects vary from species to spe-
cies. “At postmortem the most striking
finding is a loss of body fat. In fact,
in many animals it is difficult to find
enough remaining fat for analysis.” The
substance is strongly toxic to the em-
bryo in chickens, rats and mice; it is mu-
tagenic in bacteria, but it has shown no
effect on human cells in culture, at least
not on certain abnormal cell strains.
There is evidence of strong carcinoge-

30

nicity. Just how the drug acts remains
entirely conjecture.

The symposium on dioxin recorded in
this book was not, as it might well have
been, coolly motivated by the singular
quality of the drug in the laboratory.
Rather the 20 papers on chemistry and
analysis, on toxicology and on field de-
contamination were delivered by Amer-
ican and European experts to a Milan
workshop in late 1976, a few months
after the most acute of dioxin spreads. A
midnight explosion of a trichlorophenol
reactor in a chemical plant near Milan
had resulted in the diffusion of about a
kilogram of the stuff, as part of a toxic
cloud, to an area near the plant covering
a few square kilometers. The disaster
was half-concealed for days. The square
kilometer most affected housed some
200 families, who were evacuated a cou-
ple of weeks after the event. There has
been put in motion an elaborate five-
year plan for decontamination, with
vacuum cleaning and washing of walls,
floors and ceilings, removal of topsoil
and careful monitoring and control.

The key technique is a reliable analy-
sis in the field. To detect micrograms
ingested by people who daily take in
kilograms of foodstuffs, air and water
one needs to analyze small samples for
specific molecules at parts per trillion. It
can be done, and done reliably. The
techniques are elaborated here. They
depend on gas chromatography for ini-
tial enrichment of the substance. Heli-
um carrier gas flows slowly through a
30-meter glass capillary coil that is kept
hot and lined with the right solvent (a
silicone is preferred). Into the flow
through this selective filter the prepared
sample fraction, dissolved in another
just-right solvent (TCDD is hardly solu-
ble in water and seeks oils and lipids), is
steadily vaporized.

Within a time defined to a couple of
seconds out of an overall five-minute de-
lay, the TCDD molecules finally leave
the coil. They are led through an ioniz-
ing beam, and the known ions of most
likely charge and mass (about 320 units)
are selected by a focusing magnetic
mass spectrometer, accelerated to high-
er energy and counted in a many-stage
secondary-electron-multiplier tube. The
entire system, obviously an instrument
of the highest technology, is nowadays
controlled by computer. The digital sig-
nal is manipulated for background re-
duction and the like and is plotted out as
a narrow telltale peak or pair of peaks.
The system can meet every demand of
sophisticated control, in particular spik-
ing with isotopically loaded tracer sam-
ples. This extraordinary sensitivity rep-
resents a kind of bioassay by the mind.

TCDD has been spread far and wide,
in low concentrations to be sure, over
the US. and Vietnam. Agent Orange
and its stateside analogues, much used
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defoliants for weeds and forest cover,
seem to have had an unwanted and often
unknown contamination by TCDD
since they were first made. The Air
Force delivered from the air about
40,000 tons of Agent Orange (deriva-
tives of 2,4,5-T and 2,4-D) to the forest-
ed roadsides of Vietnam. TCDD was of-
ten there in concentrations well below
one part in 10 million. A trillion is a very
big dilution indeed, however, and clini-
cal reports and field samples indicate
some TCDD effects in areas of Viet-
nam. The situation in the US., where
fodder crops more than forest have been
sprayed over a much longer period, is
not yet fully known. Samples of moth-
er’s milk are now being studied under
rigorous controls. The results should
bear sharply on this example of an un-
easy balance between the visible eco-
nomic benefits of agricultural chemistry
and uncertain risks to public health.
At least photodegradation by solar ul-
traviolet radiation and decomposition
by soil microorganisms do slowly re-
move the danger. Contact with hydro-
gen donors (a decontaminating olive-oil
spray was being tested in Lombardy)
greatly speeds the sunlight effect. It
seems that the carrier formulation used
in the Agent Orange spray may fortui-
tously have resulted in swifter disap-
pearance of its unheeded TCDD.

AI‘LAS OF WORLD POPULATION HisTO-
RY, by Colin McEvedy and Rich-
ard Jones. Penguin Books ($4.95). THE
TIMES ATLAS OF WORLD HISTORY, edit-
ed by Geoffrey Barraclough. Hammond
Incorporated ($50). The number of ti-
tles of books in history is yearly so large
as to equal all those in science and tech-
nology. These pages, therefore, ordinar-
ily report only on works bearing quite
directly on the history of science and
technology. The two reference books
listed above, one small and one large,
are offered as exceptions to the rule.
Population statistics are such a simple
and quantitative index to human affairs
that they partake of the analytic simplic-
ity of much physical science. How many
people make a hunting band, how many
a great empire? The number alone fixes
much. In Atlas of World Population His-
tory, a tour de force of a volume, two
British historians present in all modesty,
but with decisiveness and courage, a
quantitative muster of human heads
from the time of the glacial retreat to
A.D. 1975. They put their estimates for-
ward not only as a global sum but also
graphically as a function of time, from
400 B.C. to the present, continent by con-
tinent and country by country. Each
graph is accompanied by a page or so in
elucidation of the estimates and their
sources, and there is a good, but not a
number-by-number, bibliography. The
authors argue engagingly and well; their
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case is strong, although clearly and nec-
essarily a matter of reasonable estima-
tion; cautious authors would never have
tried this valuable task. What they have
done makes sense, although *“consis-
tency ...provides comfort rather than
proof and we wouldn’t attempt to dis-
guise the hypothetical nature of our
treatment of the earlier periods. But we
haven’t just pulled figures out of the sky.
Well, not often.”

They come to real conclusions. World
population when the ice retreated was
some four million. The area under crops
was too small to mean much globally
until about 5000 B.c. Then it began to
rise, and it rose at an increasing rate
through the Iron Age in the Near East,
in about 5000 B.c. Growth slowed and
then ceased with the simultaneous de-
cline of Han China and Rome, the slave-
holding empires. The Dark Ages fol-
lowed in both of these widely separated
lands; then, from the 10th century to the
Mongol wars, numbers rose, topping
out in A.D. 1200. Modernization took
over. First there was a fast but variable
rate of rise continuing until about 1700,
and from then on there were “no more
of these hiccups™: a transition spreading
from Europe to the other continents,
first a high birthrate with a low death
rate and then a lowered birthrate. The
final birth adjustment has yet to arrive
globally; the authors foresee a plateau
about a century hence at between eight
and nine billion people, well below the
20 billion theoretical limit.

\ 'f!”\_/
DEC. 1349 j}ﬂ
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SEPT. 1348
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Causes? The authors admit the influ-
ence of climate and crops, but they are
less than convinced: the “little ice age”
shows a fall in population in the south of
Europe rather than in the colder north.
A wider net must be cast to catch the
meaning of the cycles of growth and
pause.

The 50 individual regions discussed
are full of interest, for reading once over
and for reference. They circle the globe
from the British Isles to New Zealand.
The Irish graphs and text page are of
special interest. The population of Ire-
land doubled in the 17th century and
more than doubled in the 18th. But
19th-century Ireland, neither industrial-
ized nor modernized, could not keep up
the rate. The impoverished and landless
people emigrated to British factories
and to the New World. Even the high-
yielding potato had left them without
work, and almost without food during
the winter. A million and a half had left
by 1845, when the potato failed and
famine came; the stream of emigration
rose then in flood, and the excess deaths
totaled at least 750,000 in some five
years.

The Times Atlas of World History can-
not be described as compactly as a count
of heads worldwide. It shares somewhat
the broad organization: each of the 130
double-page spreads treats, by means of
colorful maps and charts interspersed
with a page or two of text, a period and a
place. First comes early man and his
world, continent by continent. Then the

SPREAD OF THE BLACK DEATH in Europe from 1347 to 1353 is shown on this map adapt-
ed from Atlas of World Population History, by Colin McEvedy and Richard Jones. On land
the plague spread most readily in densely populated areas. The low-population-density areas
of the Balkans and southern Russia acted as a firebreak. Although the plague got to Moscow, it
did so by way of the Mediterranean, France, the North Sea and the Baltic, not up the Volga.
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sections include the early empires and
the classical ones, the Dark Ages that
divided the old centers and the rise of
new structures in Islam, Africa, Turkey,
India and the Americas. The scene nar-
rows as the West expands, at first caught
in war and revolution and then as domi-
nant empires until World War I. The last
section offers a score of spreads ranging
from the world economy of 1870 to the
final maps showing the rich and the poor
lands of 1975.

The chief novelty of this excellent
compendium is its earnest and success-
ful effort to be ecumenical. We see the
Warring States become Ch’in and Han
as clearly as we watch the rise and fall of
Rome. India, Africa and the Americas
are well treated also; the Kievan state,
Champa, Khmer and Dai Viet are bor-
dered and described. The ancient Nile is
mapped in some detail, allowed to flow
horizontally across the two-page spread
to give more room for place-names.
Consider in detail one sample spread de-
scribing the emergence of states in Afri-
ca from A.p. 900 to 1500. There is a
small painting in color from a medieval
Catalan atlas showing the golden wealth
of Mansa Musa of the empire of Mali
through contemporary eyes. A fraction-
al-page color map displays the main car-
avan routes of the Sahara and a full-
page color map of Africa marks the
products and the old territories of Oyo,
Benin, Songhai, Ghana, Zimbabwe and
Axum. In their turn such more conven-
tional subjects as the Hapsburgs and the
Peace of Westphalia are not neglected,
but no question of it, this stage is wider
than all Europe.

The work is new, and so ambitious
that perhaps it lacks the magisterial
sense of authority one would hope for in
such a substantial volume. For example,
it gets the date of Sputnik wrong, it is a
little confused about the Japanese civil
wars and it celebrates Abdera not for
Democritus but for Protagoras. All the
same it is a fine and useful work, the
latest in a long tradition of historical
atlases.

OPERNICUS: ON THE REVOLUTIONS OF

THE HEAVENLY SPHERES, a new
translation from the Latin by A. M.
Duncan. Barnes & Noble Books
($26.50). NICHOLAS COPERNICUS ON THE
REvoLUTIONS, edited by Jerzy Do-
brzycki, translation and commentary
by Edward Rosen. The Johns Hopkins
University Press ($67.50). The flood of
scholarly and national celebrations of
the 500th anniversary of the modest and
learned canon of Frombork has subsid-
ed, but it brought us much of value.
In our near-Latinless age the original
work, available now in facsimile and
even in a facsimile of the autograph
manuscript, is beyond the reach of
many who might want to follow for
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themselves its pathbreaking arguments.
One translation into English did exist; it
was prepared just before World War Il
and is available as one volume in the
large set Encyclopaedia Britannica Great
Books of the Western World. To the im-
pediment in accessibility one should add
that this still useful translation, by the
late Charles Glenn Wallis, is original to
the point of eccentricity; it impresses
some readers as being unrecognizably
modernized and others as being filled
with curious archaisms. In the past year
or two we have been offered a wider
look at Copernicus in English.

The first of the new examples listed
above is a clear, workmanlike and easily
available translation by a historian of
science at Loughborough University of
Technology in England. Duncan’s offer-
ing is presented succinctly and modestly
in a book of ordinary scale, with half a
dozen pages of notes for the unspecial-
ized reader that are helpful as far as they
go (as in explaining the Latin wordplay
Copernicus enjoys on his first page of
text). A student or any other reader can
confidently follow this text, most profit-
ably with the aid of a teacher or the
literature.

The second volume listed is a verita-
ble Rolls of vehicles. Sponsored by the
Polish Academy of Sciences and loving-
ly produced in Poland (with few errors),
it is a strikingly large and handsome vol-
ume with an inset portrait of the author
in color on the binding, with superb gra-
vure endpapers that are real wide-field
photographs of the night sky, and with a
high price. The content is also de luxe,
the work of the most experienced and
learned Copernican scholar of them all.
Professor Rosen gives us useful indexes
(prepared by Erna Hilfstein) and a small
treatise in notes on the text, 100 pages
and more in close-set type.

Here we see the text through the eyes
of a meticulous scholar-translator eager
to find the discrepancies, the misstate-
ments, the subtle allusions we might
otherwise miss. Copernicus tells us in
the preface that his manuscript had been
buried “not merely until the ninth year
but by now the fourth period of nine
years.” It was his friends who urged
publication. Yet the famous first pub-
lished edition held many errors. “The
painful truth was that it was not really
ready for publication even when it was
released to the printer.” It “was com-
posed...in the driblets of leisure avail-
able to a member and occasional offi-
cial of a harassed Cathedral Chapter
concerned with preserving the sources
of its income.”

Rosen’s view is wide. We read of what
many contemporaries made of the text,
sometimes even of its misprints and
omissions (which are controlled in our
time by the autograph version). Rosen
lets us into what Galileo said, for in-
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stance, on the lack of fit between the
small observed changes in the brightness
of Venus and the large differences in the
distance between the earth and Venus.
Copernicus alluded to the phases of
planets but simply ignored this difficul-
ty; it was left to the telescope to show the
changing phases of Venus, which tend
to iron out the variations in apparent
brightness to the unresolving eye. Our
translator-guide is by no means a de-
tached commentator; he heatedly de-
fends, with the aid of Henri Poincaré,
the reality of the terrestrial motion
against those who airily dismiss it even
today by invoking the powerful trans-
formations in coordinates opened up by
modern gravitational theory. Their case
is not illogical, but it makes coincidenc-
es out of phenomena the realistic theory
can ascribe to a single physical cause.

Now we have both a serviceable vol-
ume and a luxurious and definitive
one; the generous Copernicus would
not complain.

OMMUNICATING WITH DEAF PEOPLE:
A RESOURCE MANUAL FOR TEACH-
ERS AND STUDENTS OF AMERICAN SIGN
LANGUAGE, by Harry W. Hoemann.
With illustrations by Shirley A. Hoe-
mann. University Park Press, 233 East
Redwood Street, Baltimore, Md. 21202
($10.95). A fascinating new natural lan-
guage has arisen here in the U.S. and is
still growing apace. It is at the point of
generating a literature of its own; al-
ready a play and a work of poetry have
been published that were ‘“originally
conceived in Sign.” (American Sign
Language is otherwise known as ASL or
“Sign.”) This small book is not yet truly
a general reader’s introduction; it is in-
tended for teachers of Sign, mainly as a
second language for people with hearing
who speak English. It is thin in vocabu-
lary examples, but by that economy it is
made unusually readable. Its concern
with general structures, with the wide
variety of strategies and with the recent
history of Sign and of Sign studies gives
it lively interest. Most of the literature
on Sign has so far been either highly
utilitarian and detailed or linguistically
technical; this book presages wider
treatments to come. The drawings are
helpful.

The immediate message of the book is
the striking richness of Sign. This rule-
governed language is not made up of
finger spelling, English speech translat-
ed word by word into signs or even the
deft use of isolated conventional signs,
although they all have roles. The lan-
guage is rather the living production of a
big human community, the community
(one almost could say the nation) of half
a million people in the U.S. It bears the
marks of any working language, with
dialects, dictionaries (and off-color
words not listed in the dictionaries) and

© 1979 SCIENTIFIC AMERICAN, INC

of course a complex and powerful set of
grammatical rules. It is less than 20
years since the first analysis of the signs
themselves was made by William C.
Stokoe, Jr., who found that combina-
tions of a dozen locations of the hand
with similar numbers of configurations
and movements were the elements from
which all the signs are built. This sylla-
bary has led to computer simulations, to
a plausible notation and to a useful se-
quential dictionary. Recently it has been
shown that the scheme has weaknesses;
for example, it neglects such side strate-
gies as expressions of the face and cer-
tain imitative gestures. It nonetheless
stands as a firm working basis for study.

ASL proceeds in space as well as in
time. Its multidimensionality has added
to its grammar much that the linear flow
of speech cannot match. Kinship words
are few in ASL, as they are in English,
yet in Sign one can distinguish female
cousins from male ones. Gender is indi-
cated by the placement of the sign: the
right forehead and the temple for male,
the right cheek and the chin for female.
Location at the forehead adds to the
quick recognition of signs for “know,”
“wise” and so on; the heart accommo-
dates signs such as “grief,” and percep-
tual acts are signed near the eye, the
mouth or the ear. Plurals? Well, as in
Chinese, add the sign for “group” a
small gesture for a small group, an exag-
gerated sign for a big group and a dou-
ble clawing downward and away for a
“surprisingly large number of items.”
Or point out one by one the several
places where a soldier is standing.

All kinds of references, pronouns,
agent-patient distinctions, conjunctions
and other devices in the string of more
algebraic languages are carved out of
the space where signs are formed: with
“coffee” on the left, “tea” on the right,
“which” signed over both, the use of
“or” and ‘““and” is sparing. Tense too
takes spatial form: the past is thrown out
of the palm back over the right shoul-
der, whereas the future is grasped for-
ward. Changes in stance and expression
mark boundaries of phrase and clause;
explicit role playing helps the structure
of complicated citations. The condition-
al and the subjunctive do not mimic the
English forms of modified verbs but of-
ten employ a questioning expression for
real conditions and negating gestures for
contrary-to-fact statements. “If HAVE
MONEY is signed with lowered brows, a
slight squint and slightly pinched lips.”
the penniless inference is plain.

There is too much richness here in a
little room to cite more fully. Certainly
ASL and its counterparts in other lands
are now prime material for the study of
language itself, and they threaten to
break the mold so strongly pressed on
all forms of speech in this babbling
world.
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MOTOROLA HELPED BRING

His name isn't important.

His story is.

He was simply walk-
ing back to his office
when the pain hit him.

In less than
three minutes,

|an ambu-h
ance wit h
two para- /":?
medics arrived.

But as they began
to work, arrhythmia—
erratic, wildly un-
controlled heartbeat—
setin.

Then his heart
stopped altogether.

A MIRACLE
OF ELECTRONICS.

Fortunately, the ambulance
was equipped with a Motorola
APCOR Coronary Observation
unit.

It put the paramedics in
immediate touch with an
emergency physician at the
hospital miles away.

Not just by voice com- |
munication; that doesn't give
a doctor all the information he
needs.

But at the very same
instant, by Motorola telemetry,
an electrocardiogram of the
activity of the man'’s heart
was being transmitted.

A miracle of
electronics—

microelectronics—was about
to show what it could do.

could then treat
the patient
almost as
if he were
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on the spot.
In a few minutes, the
man'’s heart began to beat.

TECHNOLOGY DOES He was once again on his way
THE TALKING. to being alive, in every sense
of the word.
A lot of things were
happening at once. MICROCIRCUITS
The medical MAKE IT HAPPEN.

assistants at the scene
were talking to the
emergency room at

APCOR is made possible by
Motorola microcircuits, tiny

the hospital. information processors that
And the Motorola transmit both electronic
APCOR was also talk-

ing to the doctor in

a language only a
doctor could under-
stand—by trans-
mitting the
patient's EKG.
The doctor




THIS MAN BACK TO LIFE.

Microcircuitry is also at
the heart of the many
other kinds of two-way com-
munications
equipment
we make.

But com-
munications
equipment is
only part of
what contrib-
utes to our nearly two billion
dollars a year in sales.

MAKING ELECTRONICS
HISTORY.

Thanks to Motorola micro-
electronics, we create all
kinds of remarkable
systems that
e would

A microcomputer,
drawn larger
than life.

signals and the human voice.

have been inconceivable not
long ago.

A system to help power
companies handle peak loads
without danger of blackouts.

An electronic car-engine
management system that can
save gasoline.

Even a communications
system to help probe Mars.

But then, we've come a
long way from the time we
first made history by putting
radios into cars (we went on
to put alternators and elec-
tronic ignitions into them) and
later put

popular-
priced

TV sets into homes (they're a
product we don't make here
at all anymore),

Today, Motorola is one of
the world's largest manufac-
turers dedicated exclusively to
electronics, as well as one of
its foremost designers of cus-
tom and standard semi-
conductors.

Many of the things we
make are changing people’s
lives.

Others are actually saving
them.

@ MOTOROLA

Making electronics history

since 1928.
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The Verification
of the SALT II Agreement

The U.S. has at its disposal ample “‘national technical means”™

of surveillance to detect any attempt by the U.S.S.R. to gain

a significant military advantage by violating a new arms pact

he keystone of any internation-

al arms-control agreement is the

ability of each side to make sure
the other side abides by it. Without ade-
quate verification of compliance agree-
ments such as the bilateral strategic-
arms pacts between the U.S. and the
U.S.S.R. are bound to collapse. As the
Senate prepares to debate the ratifica-
tion of the new treaty emerging from the
second round of strategic-arms-limita-
tion talks (SALT II) between the two
superpowers, charges that the Russians
will seek to evade its provisions are be-
ginning to be heard. The charges raise
several fundamental questions of ver-
ification: How could the U.S.S.R. go
about cheating? How could the U.S. dis-
cover such violations? What would the
U.S.S.R. stand to gain and what would
the U.S. stand to lose if the Russians
were to violate the SALT II treaty? Let
us examine each of these questions in
turn to ascertain just what the real prob-
lems of verification are.

The SALT II agreement will appar-
ently consist of two basic parts: a treaty
lasting through 1985 and a protocol
lasting through 1982. A summary of
the various provisions included under
these two headings is given in the illus-
tration on the opposite page.

The new SALT treaty will provide in
the first instance for a gradual reduction
in the total number of strategic offen-
sive-weapons launchers allowed on each
side, from 2,400 at the time of ratifica-
tion to 2,250 by 1982. For the purpose
of the treaty strategic launchers are de-
fined in such a way as to include land-
based intercontinental ballistic missiles
(ICBM'’s), submarine-launched ballis-
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by Les Aspin

tic missiles (SLBM’s) and long-range
heavy bombers.

The U.S.S.R. could try to evade the
ceiling on the total number of strategic
launchers in three ways: by deploying
new types of strategic weapons, by de-
ploying more weapons of the existing
types or by converting nonstrategic, tac-
tical weapons into strategic ones (for ex-
ample by increasing their range).

he first of these cheating methods—

deploying new types of strategic
weapons—is perhaps the least feasible
and most easily detectable way in which
the U.S.S.R. could violate the SALT II
total-launcher ceiling. The introduction
of a new strategic weapon involves at
least five stages: research, development,
testing, production and deployment. At
any one of these stages the present abili-
ty of the U.S. to detect clandestine activ-
ity on the part of the U.S.S.R. ranges
from fair to excellent. The key point,
however, is that the Russians would
have to disguise all five stages, and the
odds against their successfully doing so
are extremely high.

Consider the ways in which the U.S.
is currently able to monitor just one
of these stages: the testing of strategic
launchers. U.S. line-of-sight radars can
identify the distinctive “signature” of
reflected microwaves associated with
each major type of Russian missile. In
addition over-the-horizon radars can
penetrate deep into the interior of the
U.S.S.R. and recognize the characteris-
tic pattern each type of missile makes
when it disturbs the earth’s ionosphere.
Early-warning satellites, originally de-
signed to detect a Russian ICBM attack,
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can also serve to monitor missile tests;
the infrared sensors on these satellites
can identify the rocket-exhaust plume of
a missile as it is being test-fired. Finally,
the U.S. has a complex array of sensors,
including assorted photographic gear,
on ships and planes that routinely moni-
tor missile-test impact areas on the pe-
riphery of the U.S.S.R. and in the Pacif-
ic. The information gathered from these
sources can be used to distinguish new
types of missiles from old ones.

In short, the *“national technical
means” of surveillance available to this
country for observing Russian missile
tests are multiple, redundant and com-
plementary. They enable the U.S. to de-
tect all long-range missiles fired from
test sites in the U.S.S.R. They are, in
fact, far more reliable than most human
intelligence gathering (that is, spying),
which may yield second-hand, dated in-
formation or even false, planted infor-
mation.

To repeat, testing is only one of the
five steps that must be taken before a
new weapon is ready to be introduced to
the strategic arena. Other means of de-
tection could uncover a Russian attempt
to evade this particular treaty provision
either before testing (during the re-
search and development stages) or after
testing (during the production and de-
ployment stages).

The second method potentially avail-
able to the U.S.S.R. for cheating on the
overall strategic-launcher ceiling—de-
ploying additional weapons of existing
types—is more difficult to monitor than
the first cheating method, but here the
detection capabilities of the U.S. are still
very good indeed. The national techni-



PART |I: TREATY
cal means of surveillance adopted by 1. CEILINGS ON STRATEGIC LAUNCHERS |
this country are particularly effective in =
detecting the' produs:tign and .deploy‘ 2,500 — 1974 VLADIVOSTOK CEILING
ment of additional missile-carrying sub- 2.400 BOME(';:)RS ([EXTENDED BY SALT Il TO 1982)
marines and heavy bombers.

Strategic submarines are large ships, 2,250 B e e L | NEW SALT Il CEILING
displacing between 8,000 and 9,000 tons (1982 - 85)
and measuring more than the length of
a football field. They are hard to hide. 2000 —
Moreover, there are only two shipyards ' BOMBERS SLBM'S
in the U.S.S.R. that currently build (348) (926)
submarines of this type. Both these
two sites and other potential sites for
constructing submarines are constantly
watched. Even if a new missile-carrying
submarine were to be built under im-
penetrable cover (assuming the simulta-
neous successful disguising of all sup-
port activities), the new submarine must
eventually leave its shipbuilding ways.
From that point on there would be innu-
merable opportunities for observing it.
The deployment of additional missiles
on Russian submarines also cannot go
undetected.

Similarly, the detection of any in-
crease in the number of heavy bomb-
ers in the Russian air force is a fairly ICBM'S |
straightforward task. The production 500 = (1,054)
lines for the two existing types of heavy REW SALT Il SUBCEILING
bomber, referred to by U.S. m_111tary an- \ 308 f— - = L) ——{ ON MLBM'S (1982 85)
alysts as the Bear and the Bison, have
long been closed. Renewed production |
of these two aircraft could be detected
by the U.S. with a high degree of confi- 0
dence, as is evident from the demon- us. US.S.R.
strated ability of this country to monitor 2. CEILINGS ON MIRVED MISSILES PLUS BOMBERS WITH ALCM'S
the production of much smaller pieces
of Russian military equipment, such as 1.500
tanks. The additional deployment of
heavy bombers would also be hard to 1974 VLADIVOSTOK CEILING
hide. There are no more than 10 heavy- 1,320 (EXTENDED BY SALT II TO 1962)
bomber airfields in the U.S.S.R., and all
of them are closely watched by U.S. sur*
veillance satellites. If the Russians were
to decide to build new airfields equipped
to handle such planes, their detection
would be easy; runways cannot be hid-
den underground. If, as some strategic
planners expect, the U.S.S.R. were to
deploy a new type of heavy bomber by
the early 1980’s, it too would be readily
detectable.

Detecting the deployment of addi-

1,500 —

SLBM'S
(656)

1,000 —

ICBM'S
(1,400)

TOTAL NUMBER OF STRATEGIC LAUNCHERS

1,200 == — — e ] NEW SALT Il CEILING
(1982 - 85)

1,000

NEW SALT Il SUBCEILING
goo [ MIRYE D e ON MIRVED ICBM'S

BM
S(‘;%)s (1982 85)

MIRVED
SLBM'S

500 — 0)

TOTAL NUMBER OF MIRVED MISSILES
PLUS BOMBERS WITH ALCM'S

MIRVED
ICBM’'S MIRVED

(550) ICBM'S
(455)
MAIN PROVISIONS of the SALT II agree- J
ment worked out in recent months by negoti- 0 us USSR
ators for the U.S. and the U.S.S.R. are con- - , e
tained in two forms: a treaty lasting through 3. SUBCEILING ON MLBM'S
1985 (Part I) and a protocol lasting through 4. BAN ON RAPID-RELOAD SYSTEMS
1982 (Part II). Abbreviations are resorted to
in several of the illustrations accompany- PART Il: PROTOCOL o ~
ing this article for the following types of stra- | I
tegic weapons: intercontinental ballistic mis- | 1 BAN ON DEPLOYMENT OF MOBILE ICBM LAUNCHERS AND ON THE FLIGHT
siles (ICBM’s), sea-launched ballistic missiles TESTING OF ICBM'S FROM SUCH LAUNCHERS.
(SLBM’s), modern large ballistic missiles
(MLBM’s), multiple independently target- 2. BAN ON THE FLIGHT TESTING AND DEPLOYMENT OF LAND-BASED OR SEA-BASED
able reentry vehicles (MIRV’s) and air- CRUISE MISSILES CAPABLE OF RANGES IN EXCESS OF 600 KILOMETERS.
launched cruise missiles (ALCM’s). In effect
the SALT II treaty subceiling on MLBM’s
applies to the U.S.S.R. only, since the U.S. has
no plans for such large land-based missiles.

3. LIMITATIONS ON THE FLIGHT TESTING AND DEPLOYMENT OF NEW TYPES
OF BALLISTIC MISSILES.
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tional land-based strategic missiles
would be only a little more difficult.
Given the current Russian practice in
such matters, the U.S. can reliably iden-
tify by means of satellite photography
such telltale activities in the U.S.S.R.
as the construction of new ICBM silos
and the transport of missiles to new de-
ployment sites. The emplacement of
command-and-control systems and as-
sociated support equipment can also be
detected.

If the Russians were to attempt to hide
these activities, they would probably
have somewhat more luck than they
would with strategic submarines. Af-
ter all, land-based ICBM launchers are
smaller than submarines, and there are
vast interior areas of the U.S.S.R. in
which they could be built or based. Even
in the case of additional ICBM’s, how-
ever, the likelihood of successful large-
scale deception is very small. The Rus-
sians might try to build more ICBM
launchers in the open, on the assump-
tion that the vastness of their country
would hide the violation, but that would
be a mistake. U.S. surveillance satel-
lites currently provide complete pho-
tographic coverage of the U.S.S.R. at
frequent intervals. If suspicions are
aroused by the regular large-area survey
photographs, “close look” cameras can
be ordered to rephotograph the area in
question, providing more detailed infor-
mation. The present generation of high-
resolution cameras on U.S. surveillance
satellites are theoretically capable of
making a clear photograph of an object
one foot across from an altitude of 100
miles. Photographs at this resolution
would leave little doubt about the na-
ture of the activities in question.

Alternatively the Russians could at-
tempt to deploy additional ICBM’s un-

der camouflage or at night. U.S. satel-
lites, however, are now equipped with
multispectral sensors that can penetrate
camouflage and can also observe night-
time activity. Infrared sensors are par-
ticularly good at detecting underground
missile silos and silos that have been
camouflaged. As long as the ground in
the immediate vicinity of the suspicious
object is at a different temperature from
that of the surrounding terrain (or has
different infrared-emission characteris-
tics) an underground or camouflaged
missile silo will stand out in the infrared
image.

Primarily because of the time it takes
for U.S. photoanalysts to process the
data contained in such satellite pictures,
small-scale violations might be hard to
identify. Any sizable effort to cheat (say
a clandestine addition of 100 ICBM’s),
however, would surely be detected.

he third method of cheating on the

overall strategic-launcher ceiling—
converting nonstrategic weapons into
strategic ones—presents a more chal-
lenging problem of verification. Two
notable examples of Russian intermedi-
ate-range weapons that could be made
long-range (and therefore strategic)
weapons are the Backfire bomber and
the SS-20 intermediate-range ballistic
missile (IRBM).

There is little disagreement within the
U.S. intelligence community that the
primary purpose of the Backfire is to
carry out missions in areas peripheral to
the U.S.S.R. (such as Europe and Chi-
na). Roughly half of the Backfires de-
ployed so far have been assigned to na-
val-aviation missions, and the rest are
part of the U.S.S.R.’s medium-bomber
force. There is also little question, how-
ever, that the Backfire has some inter-

STRATEGIC- NUMBER OF | NUMBER OF |
WEAPONS LAUNCHERS | WARHEADS TOTAL NUMBER
LAUNCHERS DEPLOYED PER LAUNCHER | OF WARHEADS
S | MINUTEMAN 11l ICBM 550 1,650
£ | PosemoNC-3sLBM | 496 10 4,960
2 | suBTOTAL 1,046 6,610
| mTanmicem 54 1 54
@ MINUTEMAN II ICBM 450 1 450
T | POLARIS A-3 SLBM 160 13 MRV'S) 160
g B-52D BOMBER 79 4 316
Z | B-52G,B-52H BOMBERS, 269 4 1,076 (+ 1,500 SRAM'S)
| suBTOTAL 1012 . - 3,556
| TOTAL 2,058 | 10,166

U.S. STRATEGIC ARSENAL is broken down in this table into two broad categories: weap-
ons launchers that carry multiple independently targetable reentry vehicles and those that do
not. The number of nuclear warheads indicated for the Poseidon C-3 SLBM is believed to be
an average figure. The number of B-52’s available for strategic missions is an estimate. The
number of warheads per strategic B-52 listed represents the standard loading; the B-52H and
B-52G aircraft carry an additional complement of nuclear-armed short-range attack missiles
(SRAM’s). The three reentry vehicles on the Polaris A-3 SLBM are not independently target-

able and h are not
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ted as MIRV’s, Cruise missiles and FB-111 bombers are omitted.
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continental capability, specifically for
one-way missions with recovery in a
third country, for round-trip attacks
against the western U.S. and, provided
the bombers are refueled in flight, for
even longer round-trip missions.

Although the SALT II treaty will ex-
clude Backfires from the overall count
of strategic launchers, the treaty will be
accompanied by a variety of assurances
(some in the form of unilateral state-
ments) that will limit the strategic value
of the aircraft. These assurances could
include limits on the production and de-
ployment of the Backfire, restrictions on
the employment of the bomber in con-
junction with tanker aircraft capable of
in-flight refueling and limits on the
bomber’s range and payload. Of these
assurances the easiest to verify would be
the limits on production and deploy-
ment (even assuming deception), simply
because of the size and complexity of
these activities. These constraints are as
applicable to the Backfire as they are to
the strategic Bear and Bison bombers
discussed above.

Verifying tanker restrictions would be
a little harder. U.S. Air Force pilots tes-
tify to the difficulty of midair refueling.
It is extremely doubtful that the Rus-
sians would actually try to refuel Back-
fires during a war without having at-
tempted some practice runs, and prac-
tice runs can be monitored by a variety
of means, including listening in on air-
craft communications. If the Russians
wanted to take their chances and at-
tempt wartime refuelings without re-
hearsals, however, there is no guaran-
teed means of verifying any such restric-
tions on tanker employment.

The most difficult of the SALT II
Backfire assurances to verify involve the
plane’s characteristics, specifically its
range and payload. Even with unhin-
dered surveillance there has already
been some dispute among U.S. analysts
over the range of the Backfire. Assum-
ing skillful and determined cheating on
the part of the U.S.S.R., both the range
and the payload of the Backfire could
probably be disguised.

The other intermediate-range weapon
that could be converted into a strategic
weapon is the SS-20 IRBM. The SS-20 is
not covered by the SALT II treaty, since
its present range (3,000 kilometers) is
less than the 5,500-kilometer lower limit
used to define ICBM’s. The potential
problem stems from the fact that the SS-
20 comprises the first two stages of the
advanced three-stage SS-16 ICBM;
moreover, the mobile launcher for the
SS-20 is identical with that for the SS-
16. By surreptitiously stockpiling SS-16
third stages and payloads the Russians
could at some point in the future be in a
position to upgrade SS-20’s into SS-16’s
on short notice. This course of action
could provide them with a significant



numerical increase in their ICBM force
with very little warning.

The SALT II agreement, however,
will specifically ban the further produc-
tion, testing and deployment of the SS-
16 ICBM and will further require that
existing SS-16s be dismantled. Thus if
the Russians were to try to augment
their ICBM force by adding a third stage
and a different payload to the SS-20’s, in
effect making them SS-16’s, they would
be doing so without any opportunity for
testing the new system. The existing pro-
totype models of the SS-16 have not
been tested in almost two years, and the
last test was apparently a failure.

In short, the issue of upgraded SS-20’s
turns out to be another testing issue. To
have any confidence in upgraded SS-
20’s, particularly enough confidence to
satisfy traditionally conservative Rus-
sian military planners, the U.S.S.R.
would have to test some of them, and as
was pointed out above surreptitious
testing of new strategic missiles by the
U.S.S.R. is a practical impossibility.

The problem of preventing the Rus-
sians from converting nonstrategic
weapons into strategic ones is compli-
cated by one other factor: the existence
of between 90 and 100 “reconfigured”
heavy bombers in their arsenal. These
aircraft have been modified to serve in
reconnaissance and antisubmarine-war-
fare roles, but they still retain their
bomb bays. Any further permanent
change in the configuration of most of
these aircraft could be detected in time.
Nevertheless, about a dozen of these
planes were originally built in such a
way that they could be rapidly convert-
ed into heavy bombers at their airfields,
making prompt verification of their
nonstrategic roles extremely difficult.

Besides limits on the number of
launchers, the SALT II treaty will
contain numerical limits on missiles
equipped with multiple independently
targetable reentry vehicles (MIRV’s)
and on bombers equipped with strategic
air-launched cruise missiles (ALCM’s).
According to the treaty, the sum of these
two types of systems will not be allowed
to exceed 1,320. Furthermore, no more
than 1,200 MIRVed missiles will be
allowed on each side, and MIRVed
ICBM'’s will be limited to 820.

There are four ways the Russians
might try to increase their combined
MIRV/ALCM total beyond the treaty
limits: by constructing new ICBM silos
and SLBM submarines for the addition-
al MIRVed missiles; by substituting
MIRVed missiles for unMIRVed ones
in existing missile silos or submarines;
by deploying MIRVed payloads on un-
MIRVed missiles in existing silos or
submarines, and by placing strategic
ALCM’s on additional bombers.

The first way the U.S.S.R. might try to

STRATEGIC- NUMBER OF NUMBER OF TOTAL NUMBER
WEAPONS LAUNCHERS | WARHEADS OF WARHEADS
LAUNCHERS DEPLOYED PER LAUNCHER
o | SS171CBM 100 1 OR 4
Y| ss18icBm 170 10R 8 ~ 2,500
S | ss19icBM 320 10R 6
| sustotAL | se0 | B | ~2s00 |
$S-9 ICBM 130 1 130
SS-11ICBM 620 1 (3 MRV'S) 620
S5-13 ICBM 40 1 40
: . | sseicem 20 1 20
| 2| ssnN-6sLBM 528 1(2 MRV'S) 528
S | ssNssLBM 286 1 286
5 | SSN-17 SLBM 16 1 16
| 2| ss-N-18 sLBM 9 1 9
BEAR BOMBER 100 200
BISON BOMBER 40 2 80
| sustotaL | 1876 L 2016
TOTAL 2,466 | |~ 4500

RUSSIAN STRATEGIC ARSENAL is estimated in this table on a similar basis. In accord-
ance with the new SALT II “counting rules” the MIRY subtotals shown here include some 135
ICBM’s that have not yet been MIRVed and hence still carry single warheads. In addition
the intermediate-range bomber referred to by U.S. military analysts as the Backfire is omitted,
In general numerical tallies of this kind fail to reflect substantial U.S. advantages over the
U.S.S.R. in terms of missile accuracy and reliability. Moreover, such tables do not include the
fact that the U.S. has thousands of tactical nuclear weapons capable of reaching targets in the
U.S.S.R., whereas the U.S.S.R. has none in a comparable position to reach targets in the U.S.

evade the MIRV/ALCM ceiling—con-
structing new silos and submarines for
MIRVed missiles—would clearly be un-
feasible, since (as was pointed out
above) any cheating on the total number
of such strategic launchers can be de-
tected by the U.S. with a very high de-
gree of confidence.

The second way the Russians could
exceed the MIRV/ALCM ceiling
would be by substituting MIRVed mis-
siles for unMIRVed ones in existing
silos or submarines. The U.S.S.R. cur-
rently has a number of silos and subma-
rines containing unMIRVed missiles.
Detecting their surreptitious replace-
ment with MIRVed missiles requires
that the U.S. know which Russian mis-
siles are MIRVed and which silos and
submarines contain which missiles.

In the SALT II negotiations both sides
have agreed that all missiles of a type
that has been tested in a MIRVed mode
or has been fired from a launcher with
a MIRVed warhead would be counted
against the MIRYV ceiling. The U.S. pro-
posed this counting rule precisely be-
cause it facilitates verification. U.S. ana-
lysts already know from extensive ob-
servation which of today’s Russian mis-
siles are “MIRV-capable,” and future
MIRV-capable ICBM’s and SLBM'’s
can be detected at the test stage.

Although the U.S. knows which Rus-
sian missiles are MIRVed, another
question remains: Is it possible to tell
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which silos and which submarines con-
tain which missiles? The answer is again
provided by the known differences
among missile systems. First, Russian
silos that contain MIRV-capable mis-
siles are significantly different in ap-
pearance from those that contain un-
MIRVed missiles. Second, MIRVed
launchers require different command-
and-control systems, support equipment
and other facilities, all of which are ob-
servable with existing U.S. satellites.

The various types of missile-launch-
ing tubes on strategic submarines can
also be identified by U.S. surveillance
satellites. Any attempt by the Russians
to install existing MIRVed SLBM'’s on
submarines with unMIRVed missiles
would require the alteration of the
launching tubes, the replacement of fire-
control systems and other extensive
modifications. These would take time;
even a routine overhaul of a nuclear
submarine takes from 30 to 36 months.
Under the circumstances the changes
would certainly be detectable.

Another method of evading the
MIRVed-missile limits would be to take
an unMIRVed missile and replace just
its warhead. If the Russians were to
deploy MIRVed payloads onto un-
MIRVed missiles in existing silos or
submarines, that would be very hard to
detect. Fortunately no such transferable
payloads exist now, and the current gen-
eration of Russian missiles have design
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characteristics that make it virtually im-
possible to transfer MIRV payloads
from the new MIRVed missiles onto the
old unMIRVed ones.

final method of evading the MIRV
ceiling would involve placing stra-
tegic cruise missiles on additional
bombers. The treaty places a ceiling of
1,320 on the total number of MIRVed
missiles plus bombers equipped with
ALCM'’s. Could the Russians exceed
that ceiling by producing more than the
allowed number of ALCMed bombers?
For the foreseeable future the U.S.
will be able to tell which Russian bomb-
ers are equipped with cruise missiles,
since Russian cruise missiles are ex-
ternally mounted and therefore visible.
Internal mountings would present a
problem, but so far the Russians have
none. Internally mounted cruise mis-
siles would be detected most readily at
the time of their introduction, because
the aircraft involved would presumably
have to be sent to some central facility
to be modified, and the U.S. follows the
activities at such facilities quite closely.
The verification of the limit on inter-
nally mounted cruise missiles will be
eased considerably by the adoption in
the SALT II accord of a “type” rule,
which states simply that if one bomber
of a given type carries ALCM'’s, all
bombers of that design would be count-
ed as ALCMed bombers. Counting
which bombers have cruise missiles,
however, is not the same as verifying
which bombers are strategic. Bombers
might be fitted with cruise missiles that
had short ranges, which would not qual-
ify them as bombers armed with strate-
gic cruise missiles. Bombers might also
be fitted with long-range cruise missiles
carrying non-nuclear payloads. Hence
a separate and far more complicated
problem is determining whether cruise
missiles on bombers have strategic
ranges (in this case more than 600
kilometers) and strategic payloads.
Under normal conditions the U.S. can
obtain adequate if rough estimates of
these characteristics, but there is no sys-
tematic way of verifying the range of
deployed cruise missiles. Significant dif-
ferences would be revealed neither by
the missile’s exterior nor by its flight
test. Unlike ballistic missiles, cruise mis-
siles do not have to be tested at full
range or even near it for the military to
have confidence in their performance.
Like aircraft, they can be flown for a
limited time under cruise conditions,
and their range can be estimated on the
basis of the amount of fuel consumed.
As it happens, the U.S. Joint Chiefs of
Staff do have good estimates of the
range of existing Russian cruise mis-
siles, and the U.S.S.R. does not yet have
air-to-surface cruise missiles capable
of strategic ranges. Moreover, the Rus-
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sians are not expected to have many
long-range ALCM’s for a number of
years, and so it is unlikely that they
could exceed the numerical restrictions
in the SALT II treaty before it expires in
1985.

As for the payloads of cruise missiles,
there is no way at present to distinguish
a nuclear-armed cruise missile from a
non-nuclear one by external observa-
tion. Once again, however, the Russians
are not expected to have long-range
ALCM'’s with either nuclear or conven-
tional warheads for a number of years,
so that violations of this provision be-
fore the treaty expires are unlikely.

Assuming that the Russians do per-
fect strategic ALCM’s, the U.S. would
still not be at a loss. If the Russians were
to begin refitting existing aircraft with
new ALCM'’s, suspicions would be
aroused and the U.S. would be aware of
the potential for cheating. Even if a new
Russian bomber were equipped with
ALCM’s but the U.S.S.R. falsely assert-
ed it was not strategic and the U.S. was
not able to contradict the assertion, it
is doubtful that more than about 120
bombers would be available before the
expiration date of the treaty.

The SALT Il treaty will also contain a
sublimit on the number of modern large
ballistic missiles (MLBM’s) allowed on
each side. Any missile larger than the
Russians’ SS-19 (which has a “throw
weight” of about 8,000 pounds) will
count as an MLBM; any missile larger
than the largest ICBM currently in the
Russian inventory (the SS-18, with a
throw weight of roughly 16,000 pounds)
will be prohibited. The debate over the
substitution of SS-19’s for SS-11’s after
the signing of SALT I provides ample
evidence of the sophistication of U.S.
monitoring techniques. The dispute
turned on the question of whether the
installation of SS-19’s in SS-11 silos vi-
olated the SALT I provisions covering
the substitution of “heavy” missiles for
“light” ones. The consensus following
the debate was that the substitution by
the Russians did not violate the letter of
the SALT I treaty but that it was incon-
sistent with one of the unilateral state-
ments made at the time by the U.S. The
main point here, however, is what the
discussion revealed, namely that the
U.S. knew precisely how much larger
the SS-19 was than the SS-11.

The SALT II treaty will also prohibit
“rapid reload” systems. The purpose
of this provision is to protect against
the possibility that the U.S.S.R. would
stockpile extra ICBM'’s and fit them into
existing launchers once a first salvo had
been fired. Loading a 50-ton missile into
a silo is considerably more complicated
than putting a cartridge into a rifle. The
elaborate equipment around existing si-
los necessary for such a system to work,
to say nothing of the storage sites for
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extra missiles, would certainly be de-
tectable with existing satellites. The
Russians could scatter the equipment
and extra missiles far from the silos and
probably avoid detection in that way as
long as they did not test the resulting
system; they would then, however, not
have a rapid-reload capability, and so
there would be no violation of this par-
ticular provision.

n addition to the treaty lasting until
1985 the SALT II agreement will
contain a protocol lasting until 1982,
and there will be verification issues in
the protocol too. One part of the proto-
col will ban the deployment and testing
of mobile ICBM launchers. The poten-
tial for violation of this section lies in
the possible deployment of the existing
SS-16 ICBM in a mobile mode; no other
mobile ICBM is expected before the
protocol expires. There is no question of
the ability of the U.S. to ascertain that
the Russians have deployed a mobile
land-based system. Nevertheless, under
certain deceptive basing schemes such
as the multiple-aim point, or *“shell
game,” options discussed recently
(which involve the construction of hun-
dreds or even thousands of shelters, only
a fraction of which contain missiles),
verifying the actual number of missiles
deployed would be very difficuit.

The SALT II protocol will also ban
the flight testing and deployment of
ground- and sea-launched cruise mis-
siles capable of ranges in excess of 600
kilometers. Since the ranges of cruise
missiles cannot be determined accurate-
ly in the event of conscious deception,
such a ban will not be verifiable.

The flight testing of U.S. cruise mis-
siles has only recently begun, however,
and these weapons are not scheduled
to be deployed in militarily significant
numbers until after the SALT II proto-
col expires. Current Russian cruise mis-
siles are primitive technologically. The
U.S. is far more advanced in the devel-
opment of compact warheads, comput-
er-guidance systems and small turbofan
engines, the technologies that are the
key to small but long-range cruise mis-
siles. The U.S. Department of Defense
has stated that in cruise-missile tech-
nology the U.S. is “10 years ahead of
the Russians” and that U.S. cruise mis-
siles now under development are “two
or three generations” ahead of current
Russian weapons.

There are nevertheless some existing
Russian sea-launched cruise missiles
that exceed the 600-kilometer limit by
as much as 250 kilometers. Because of
their primitive design, however, they are
very large. Since any attempt to begin
new deployments is observable, and
since the Russians have no capability for
deploying new, long-range ground- and
sea-launched cruise missiles until after



1982, there is virtually no potential here
for violations by the U.S.S.R.

The SALT II protocol will include
certain limitations on the flight testing
and deployment of new types of ballistic
missile. Although a full assessment of
the associated verification problems de-
pends on adetailed analysis of these lim-
itations, there is reason for optimism.
New ballistic missiles can be detected at
the test stage, and added deployments of
new missiles would be one of the easiest
violations to detect.

The ability of the U.S. to detect poten-
tial violations of the SALT II agreement
by the U.S.S.R. can be summarized in
terms of three broad levels of confi-
dence. First, there are the numerous
cheating methods for which the verifica-
tion capabilities of the U.S. are excel-

lent, and the possibility of successful
evasion on the part of the U.S.S.R. is
remote. These contingencies include all
the areas in which major violations by
the U.S.S.R. could upset the present
strategic “balance of terror”: the de-
ployment of new strategic weapons, the
addition of even small numbers of
bombers and SLBM’s, the deployment
of additional ICBM'’s on either a large
scale or a moderate scale, the upgrading
of the SS-20 missile to the status of a
strategic weapon (unless it is upgraded
without ever being tested), the deploy-
ment of additional MIRVed missiles or
ALCMed bombers (in the absence of
radically different systems), the upgrad-
ing of smaller missiles into modern large
missiles and the introduction of rapid-
reload systems.

Second, there are several areas in
which the verification capabilities of the
U.S. are at present quite weak. In all
these cases, however, the possible cheat-
ing is not militarily significant. The
problems of verification include detect-
ing the small-scale deployment of ad-
ditional ICBM’s, monitoring the oper-
ational characteristics of the Backfire
bomber, verifying that an untested SS-
20 upgrade system does not exist and
verifying the status of a limited number
of heavy-bomber variants.

Third, there are a few areas, main-
ly those involving cruise missiles and
transferable MIRV payloads, in which
the U.S. may face serious verification
problems at the next stage of the SALT
negotiations. Although the Russian
cruise missiles of today are primitive, at

WORLDWIDE COVERAGE available with current military photo-
reconnaissance satellites is suggested by this computer-generated
map prepared by researchers at the Itek Corporation’s Optical Sys-
tems division in connection with their work on the development of a
new large-format camera for the National Aeronautics and Space
Administration’s Space Shuttle project. According to Itek, the new
camera is designed “to assist in worldwide exploration for oil and
mineral resources, mapping and ing of the earth’s environ-
ment” by providing black-and-white and color imagery “with a cov-
erage, clarity and fidelity that has not been available in the past”
from nonmilitary systems. On a typical high-altitude mission, repre-
sented here, the Space Shuttle carrying the survey camera would be
launched into a roughly circular polar orbit from Vandenberg Air
Force Base in California. The rectangular “footprints” outline 3,468

individual photographic frames “exposed during daylight passes in
an orbit inclined 97.6 degrees to the Equator and 294 nautical miles
high.” (The apparent enlargement of the frames at higher latitudes
is a distortion arising from the Mercator projection adopted by the
mapmakers.) Under suitable conditions the entire globe could be cov-
ered by two eight-day Space Shuttle flights, requiring approximately
a mile of film contained in two recoverable film loads. On such a mis-
sion the photographic ground resolution would average “better than
75 feet (compared with 250 feet for future LANDSAT missions).”
The current generation of U.S. military photoreconnaissance satel-
lites are believed to fly in similar polar orbits, although at lower alti-
tudes. In addition to their large-format cameras, such satellites carry
“close look” cameras capable in theory of making photographs with
a ground resolution of about a foot from an altitude of 100 miles.

43

© 1979 SCIENTIFIC AMERICAN, INC



some point in the future it will be virtu-
ally impossible to determine whether
the range of a given Russian cruise mis-
sile is long enough to be considered stra-
tegic. The U.S. will also not be able to
determine whether the payload of a
given Russian cruise missile consists of
conventional explosives or nuclear ex-
plosives. Furthermore, counting cruise
missiles accurately will never be easy.

At present the payloads of the
MIRVed Russian missiles are so differ-
ent from their single-warhead payloads
that the MIRV’s cannot be installed on
the old missiles. If the Russians eventu-
ally develop a transferable warhead, the
U.S. could then face a serious verifica-
tion problem.

PART I: TREATY

The issues of strategic cruise missiles
and transferable payloads are not prob-
lems of any great magnitude for the du-
ration of the SALT II agreement. Look-
ing forward to a SALT III pact in the
mid-1980’s, however, the verification
problems are certain to be much more
difficult.

In general the surveillance capabilities
of the U.S. cited in this article are
almost certainly underestimated. The
reason is that the assessment considers
only those methods of intelligence gath-
ering that can be firmly relied on, such
as satellite photography. Actually there
is a great deal of other information the
U.S. intelligence community receives

that cannot be guaranteed in advance.
For example, U.S. monitoring of inter-
nal communications and signals within
the U.S.S.R. might pick up evidence of
some activity that is not detectable by
satellite photography. An undetected vi-
olation might even be revealed by a
defector, whose defection could never
be assumed in advance. Data obtained
under such fortuitous circumstances
would undoubtedly reduce even further
the chances for successful violations.
The potential for violations is also
overstated here because inordinately
skillful cheating by the U.S.S.R. has
been assumed throughout, a routine as-
sumption in assessing one’s own verifi-
cation capabilities. It may not necessari-

PROVISION

CHEATING METHOD

POTENTIAL FOR UNDETECTED ACTIVITY

ICBM's and SLBM's plus

ones in existing silos or submarines

Deploying new strategic systems None
SLBM's None
Deploying more
of existing Bombers None
systems
ICBM's Maximum of 100
Backfire, new production None
and deployment
1. Ceiling on total ) . ;
number of launchers Backfire, employing Minor
(2,400 - 2,250) tankers for inflight
refueling
Converting non- : . /
strategic systems | Backfire, dupgr?dlr;g Sizable
to strategic systems | "@nN9€ and payloa
SS-20, upgrading Minor
to SS-16
Converting Maximum of 12
reconfigured
bombers
Constructing new missile silos None
or submarine launching tubes
2. Ceiling on MIRVed Substituting MIRVed missiles for unMIRVed None

bombers armed with
ALCM's (1,320-1,200)

Deploying MIRVed payloads on unMIRVed mis-
siles in existing silos or submarines

None with pres_ent systems; poten-
tially large with future systems

Placing ALCM's on strategic bombers

None in near future; minor in early 1980’s

2. Ban on strategic
cruise missiles

or sea-based launchers with a range in
excess of 600 kilometers

3. Ceiling on MLBM'’s (308) Upgrading non-MLBM's to MLBM's None
4. Ban on rapid- Deploying rapid-reload systems None
reload systems
PART II: PROTOCOL -
1. Ban on mobile ICBM's Deploying mobile ICBM's None
Deploying cruise missiles on land-based None

during protocol

3. Limitations on
new types of
ballistic missiles

Flight testing and deploying new
types of ballistic missiles

Probably none

POTENTIAL VIOLATIONS of the main provisions of the SALT II
agreement by the U.S.S.R. fall into three broad categories. First, there
are the numerous cheating methods for which the verification capa-
bilities of the U.S. are excellent and the possibility of successful eva-
sion on the part of the U.S.S.R. is remote (light-color boxes); these
contingencies include all the areas in which major violations by the
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U.S.S.R. could upset the present strategic balance. Second, there are
the areas in which the verification capabilities of the U.S. are at pres-
ent quite weak but in which the possible violations are not militari-
ly significant (medium-color boxes). Third, there are a few areas in
which the U.S. does not face serious verification problems at present
but may at the next stage of SALT negotiations (dark-color boxes).




ly be a realistic assumption, however,
because even the best-laid plans of a na-
tion attempting to cheat can go awry.

Take, for example, the one known
case in which the U.S.S.R. attempted a
significant covert strategic-arms build-
up: in Cuba before the missile crisis of
October, 1962. Although the Russians
clearly wanted to hide the emplacement
of offensive missiles in Cuba, they were
quite inept at doing so. On several occa-
sions standard operational procedures
and routines, which are necessary for
the functioning of any large organiza-
tion and are notoriously inflexible, be-
trayed their plans. For cheating to be
successful everything must work per-
fectly. In the real world, however, un-
foreseen events upset plans. To be sure,
one cannot count on any particular
scheme’s going awry, but any nation
would be foolish to count on its not hap-
pening.

There has already been a heated de-
bate in the U.S. concerning possible
Russian violations of the SALT I agree-
ment. That experience has raised a num-
ber of questions about the intentions of
the Russians regarding their compliance
with existing treaties, but it has not
raised any questions about the ability of
the U.S. to monitor what the Russians
are doing. Indeed, the very basis for the
allegations that violations have taken
place is the detailed information the
U.S. intelligence services have gathered
on Russian actions since the SALT I
pact was signed. The debate has cen-
tered not on what the Russians’ actions
have been but rather on what their ac-
tions mean. If the U.S.S.R. had engaged
in illegal behavior that had gone unno-
ticed, this would obviously raise doubts
about the detection capabilities of the
U.S., but no one has even hinted that this
might be the case.

So far only the potential for undetect-
ed violations has been considered here.
An equally important issue is whether
the Russians would attempt to cheat if
they felt they could get away with it. The
potential for violations is small; the like-
lihood of violations seems even smaller.

First, the SALT II framework pro-
vides enormous leeway for both sides
to pursue strategic programs without
cheating. Although the Russians would
be able to build substantially larger
forces without SALT II, they can still
do much under the terms of the treaty.
They can scrap existing missiles and re-
place them with more reliable and more
accurate models. They can greatly in-
crease their inventories of multiple-war-
head missiles. They can direct a greater
effort into areas not prohibited by SALT
II, such as antisubmarine warfare, that
could be perceived in the U.S. as threat-
ening.

Second, even if the Russians became
dissatisfied with the SALT II agreement

after signing and ratifying it, they still
would not necessarily cheat. Several al-
ternatives might seem at least as attract-
ive, if not more so: seeking the renegoti-
ation of certain provisions, seeking to
modify the terms of the SALT II pact in
the SALT III negotiations, reneging on a
part of the treaty (or even withdrawing
from the treaty altogether), partly modi-
fying their programs to comply with the
treaty and so on.

Third, there is the question of what
benefits would accrue to the U.S.S.R.
from cheating. There could be no politi-
cal gain unless the Russians made their
transgressions public. No one is intimi-
dated by weapons that are not known to
exist. Yet if the Russians did make pub-
lic the fact of their cheating, there would
be enormous political repercussions.
The US. Government, for example,
might find itself pursuing an unprec-
edented arms buildup in response to
the expressed demands of an aroused
American public.

he real dangers stemming from Rus-

sian violations of SALT II would
arise only if there were a significant mili-
tary advantage to be gained by cheating,
for example, if the Russians, after cheat-
ing for a few years, could then unveil a
devastating superiority that would force
the immediate surrender of the U.S.
That, however, is impossible. Under the
terms of the SALT Il agreement the U.S.
will still have a formidable strategic
arsenal: almost 2,000 launchers and
roughly 10,000 independently target-
able warheads. To upset the strategic
“balance of terror” the Russians would
require much larger numbers of weap-
ons than they are now allowed, and it
would be impossible for them to ac-
quire enough additional weapons with-
out cheating on such a massive and per-
vasive scale that it would be detectable
with certainty.

It helps to consider a number of plau-
sible “worstcases” inwhichthe U.S.S.R.
could actually cheat on certain SALT II
provisions and evade detection. The
Russians might, for example, add as
many as 100 ICBM launchers to their
strategic arsenal clandestinely, but that
would amount to an increase of less than
5 percent in their launcher force and
would yield no discernible advantage.
The Russians now have almost 2,500
missiles and bombers. Under the terms
of the SALT II pact this total would
drop to at most 2,250, a cut of about
250. Hence cheating would be more
than outweighed by the reduction in
forces required by the treaty.

The Russians might also be able to
divert some Backfires to strategic mis-
sions in case of war. This substitution
would add marginally to their second-
strike forces but would correspondingly
diminish their antiship capability and
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undercut their capability against ene-
mies on their borders, which would
hardly be a fair trade from their point
of view.

The Russians might already have an
untested SS-20 upgrade potential. Even
if this potential were realized, the result-
ing SS-16 missiles would be the least ac-
curate and least powerful ICBM's of the
current generation. The diversion of SS-
20’s to intercontinental attack missions
would also substantially reduce the
threat to Western Europe and to China.

The Russians might convert some of
their naval aircraft into long-range
bombers. Again, this would marginal-
ly increase their strategic retaliatory
strength while substantially diminishing
the threat to the U.S. Navy.

The Russians might also develop an
untested, nonrapid-reload capability.
The benefit from having a launcher re-
loaded (at the optimum) 12 hours after a
first firing is questionable; the silo could
be destroyed in the interim and by that
time the reloaded missile is likely to
be no more than a potential “rubble-
bouncer” anyway.

In other words, even if the Russians
were to cheat in every way that might
evade detection, they would add little to
their strategic power, and they might ac-
tually reduce their military strength in
other areas.

To sum up, the ability of the U.S. to
verify Russian compliance with the
SALT II accord is clearly essential to a
successful outcome of the agreement.
On close consideration, however, it be-
comes evident that the much-touted
problems of verification are more imag-
ined than real. The multiple and dup-
licative methods of detection at the
disposal of the U.S. are sufficient to re-
veal any cheating on a scale adequate to
threaten this country militarily. Certain
small violations of the treaty could be
achieved by the Russians without detec-
tion, but a handful of additional missiles
or bombers would add too little to their
arsenal to be militarily significant. In
the political realm the Russians would
stand to lose more than they would gain
by violating the single most important
treaty they would have with a foreign
power.

It is in the future that verification prob-
lems might become critical. Techno-
logical advances, particularly those in-
volving cruise missiles and transferable
MIRYV payloads, will stretch the moni-
toring capabilities of both sides once the
SALT II protocol and treaty expire.
Dealing with these systems under a
SALT III agreement may well require a
substantial lowering of the present stan-
dards of confidence for detecting viola-
tions. At that point a renewed examina-
tion of the entire verification issue will
be in order.
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How Bird Eggs Breathe

Bird embryos take up oxygen and discharge carbon dioxide by simple

diffusion through microscopic pores in the eggshell. The process is

regulated largely by pore geometry, which varies among bird species

by Hermann Rahn, Amos Ar and Charles V.

The bird egg is a self-contained life-
support system for the develop-
ing bird embryo. All the nutrients,
minerals, energy sources and water uti-
lized by the embryo during its incuba-
tion are already present in the freshly
laid egg, so that the egg requires only
warming by the parents and periodic
turning to prevent the adhesion of the
embryo to the shell membranes. Still,
the egg lacks one crucial requirement:
oxygen, which drives the metabolic ma-
chinery of the embryonic cells so that
they can execute the complex maneu-
vers of development. How does the egg
breathe, taking up oxygen from the sur-
rounding atmosphere and discharging
carbon dioxide, the waste product of
respiration?

Gas exchange is usually associated
with the periodic inhalation of a fluid
medium (air or water), which carries
oxygen to the capillaries of the lungs or
the gills and removes carbon dioxide
from the respiratory organ with each
exhalation. The lungs or the gills are
driven by muscles whose rate of pump-
ing is determined by metabolic demand
and controlled by the nervous system.
Yet the eggs of birds and other organ-
isms (such as insects, spiders, amphibi-
ans and reptiles) show no respiratory
movements, and there are no air cur-
rents within the egg that could transport
oxygen to the capillaries of the growing
embryo. Instead the egg “breathes” by
diffusion through thousands of micro-
scopic pores in the shell.

The existence of these pores was first
demonstrated in 1863 by John Davy, a
member of the Royal Society from Ed-
inburgh, without the aid of a micro-
scope. He placed an egg in a jar of water
and evacuated the air above the surface
of the water with a vacuum pump. He
noted that small bubbles of gas formed
on the surface of the egg, and he de-
duced that there are minute openings in
the shell.

Gas moves through the pores by the
passive process of diffusion: the tenden-
cy for a high concentration of a mole-
cule to run downhill to an area of lower
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concentration. Diffusion takes place be-
cause of the kinetic energy of gas mole-
cules and does not require the direct ex-
penditure of metabolic energy by the
embryo; the lower concentration of oxy-
gen inside the egg brings new oxygen
molecules in through the pores from the
outside, where the concentration is high-
er. Conversely, the concentration of car-
bon dioxide inside the egg causes those
molecules to diffuse toward the outside,
where there are essentially none. These
diffusion processes are governed by the
available pore area of the shell, the
length of the pores and the concentra-
tion differences of the gases diffusing
across the shell.

The water content of the air within the
egg is greater than that of the air outside
it, and so the pores will also allow water
molecules (which are smaller than oxy-
gen molecules) to diffuse out. Animals
have evolved many specialized adapta-
tions for conserving water, but bird eggs
seem designed to lose it at a controlled
rate. Most of the energy needed for em-
bryonic development is taken from the
fat stores of the yolk, and for every gram
of fat burned an almost equal mass of
metabolic water is generated. Therefore
the relative water content of the egg will
increase during incubation unless water
is lost. If the relative water content at
hatching is to equal that of the freshly
laid egg, about 15 percent of the initial
mass of the egg must be lost as water. As
breeders of domestic fowl well know,
this amount of water loss is essential for
successful hatching.

Over the 21 days of its incubation a
typical chicken egg weighing 60
grams will take up about six liters of
oxygen and give off 4.5 liters of carbon
dioxide and 11 liters of water vapor. Be-
cause of the water loss the egg will
weigh only 51 grams after 21 days of
incubation, and the newly hatched chick
will weigh about 39 grams (subtracting
the weight of the shell and the respira-
tory membranes). Investigations in our
laboratories and in others have been
aimed at elucidating the diffusive mech-
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anisms responsible for this transfer of
gases.

The three layers of the egg’s integu-
ment—the shell and the two underlying
membranes—should be familiar to any-
one who has ever peeled a boiled egg.
All three layers are laid down in less
than 24 hours as the naked egg cell pass-
es down the oviduct of the hen into the
shell gland or uterus [see “How an Egg-
shell Is Made,” by T. G. Taylor; SCIEN-
TIFIC AMERICAN, March, 1970]. The
eggshell itself has an outermost layer
called the cuticle (it is missing in some
species), which is a very thin sheet of
organic material, often cracked to ex-
pose the surface of the eggshell prop-
er. The shell consists of secreted cal-
cium carbonate, which forms columnar
calcite crystals incorporating a small
amount of organic material. Imperfect
packing of the calcite crystals leaves
spaces between them that traverse the
thickness of the shell, giving rise to the
microscopic pores.

The outer and inner shell membranes
consist of a meshwork of organic fi-
bers. The fibers of the outer shell mem-
brane are attached to the inside of the
eggshell through the mammillary cones,
the centers of crystallization of the
eggshell during its formation. The two
membranes differ in diameter of fiber,
coarseness of weave and total thickness.
The inner side of the inner membrane is
lined with a thin “film” that appears to
be continuous rather than simply an ex-
tension of the fibers. Soon after the egg
is laid the spaces between the fibers in
the two membranes are filled with gas.

The pores in the eggshell are the only
path of gaseous communication be-
tween the outside environment and the
embryonic membranes. They are cylin-
drical in shape and their openings are
sometimes covered with secreted organ-
ic or inorganic particulate material.
Careful etching of the shell with acid
followed by staining makes the pores
visible to the unaided eye: the typical
chicken egg has about 10,000 distribut-
ed over its surface. The dimensions and
numbers of the pores are established in



the shell gland before the egg is laid;
thereafter they remain unchanged. As
we shall see, the shape, size and number
of the pores in the eggshell vary among
bird species, and it is the aggregate ge-
ometry of the pores that determines the
diffusing capacity of the eggshell.

Since the bird embryo cannot directly
control its gas exchange, the perme-
ability or conductance of the shell and
membranes to gases must be delicately
adjusted to meet the embryo’s metabolic
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PORE IN THE EGGSHELL of the plaintive cuckoo (Cacomantis
merulinus) of Java is magnified 3,800 diameters in this scanning elec-
tron micrograph. The conical pore opening narrows into a cylindrical
tube a few micrometers in diameter that passes entirely through the
eggshell. Atmospheric oxygen enters the egg and metabolic carbon

needs. If the gas conductance is too high,
the oxygen requirement of the embryo
will be amply met but too much water
will be lost, resulting in dehydration. If
the gas conductance is too low, the em-
bryo will either suffocate for lack of
oxygen, be poisoned by its own carbon
dioxide or drown in its own metabolic
water. A happy medium must be struck
that provides optimal gas pressures in
the embryo and ensures a finite loss of
water from the egg.

Water is lost from the egg at a con-
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stant rate, but the uptake of oxygen in-
creases considerably over the course of
incubation. In the chicken the first 18
days of incubation are designated the
prenatal period. On days five and six the
chorioallantois (the respiratory organ of
the embryo, analogous to the placenta
of mammals) extends out from the em-
bryo, making contact with the continu-
ous film lining the inner membrane and
establishing a network of capillaries. By
day nine the chorioallantois has invest-
ed about half of the inner surface of the

dioxide leaves it by passive diffusion through thousands of similar
pores distributed over the egg surface. This view of the pore opening
is unusually clear; in most eggs the pores are concealed by secreted
organic or inorganic material. Micrograph was made by J. H. Becking
of Institute for Atomic Sciences in Agriculture in the Netherlands.
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shell, and by about day 12 it has com-
pletely covered the inner surface. (The
inner and outer shell membranes lie be-
tween the chorioallantois and the egg-
shell proper.)

During the prenatal period oxygen
and carbon dioxide are exchanged
across the chorioallantois and water va-
por is continually lost. Since the shell is

rigid, gas enters to replace the lost water
and forms an air cell at the blunt end of
the egg. The air cell increases steadily in
size until it occupies about 15 percent
of the internal volume of the egg at the
end of incubation. The gas within the air
cell is continuous with the gas found
between the fibers of the outer and in-
ner membranes. This continuity can be

DEMONSTRATION OF PORES in the eggshell without the need for a microscope can be
achieved by injecting pressurized air into the air cell at the blunt end of a chicken egg. Bubbles
emerge from the entire surface of the egg, indicating that it contains thousands of minute open-
ings. This experiment is similar to one first performed by John Davy of Edinburgh in 1863.
Photograph was made by Dennis R. Atkinson of State University of New York at Buffalo.
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demonstrated by injecting pressurized
air into the air cell underwater, causing
air bubbles to escape from pores all over
the surface of the egg. The gas tensions
in the air cell are nearly identical with
those in the air spaces of the shell mem-
branes, so that the air cell provides a
convenient site for sampling the gases
within the egg.

The oxygen consumption of the em-
bryo increases slowly during the first
week and a half of incubation. Between
days 10 and 14 it rises steeply to reach a
plateau of 600 milliliters of oxygen per
day prior to hatching. This value is the
maximal amount of oxygen that can be
obtained by passive diffusion through
the fixed pores of the shell. Six hundred
milliliters of oxygen per day may not
seem very impressive to the reader (who
will consume that amount in two min-
utes), but the molecular traffic through
the 10,000 pores in the eggshell is re-
markably intense. Every second a net of
about 20 trillion (20 X 1012) oxygen
molecules flows into the egg through
each pore and 14 trillion molecules of
carbon dioxide and 12 trillion molecules
of water vapor flow out.

Nevertheless, the rigors of hatching
require more oxygen than simple
diffusion can provide. Where does the
additional oxygen come from? Nature
has provided a simple solution to this
problem: on about day 19 the chick pen-
etrates the air cell at the blunt end of the
egg with its beak, a process called inter-
nal pipping. The chick then begins to
breathe from the air cell, ventilating its
previously unused lungs. Internal pip-
ping is a crucial event: it allows the
chick’s lungs and their air sacs to be in-
flated so that oxygen is transported to
the lungs by convection, or bulk flow.

The period of active breathing from
the air cell within the confines of the
intact egg is called the paranatal peri-
od, because the chorioallantois is still
functional. During this period oxygen
is therefore delivered by both diffusion
and convection.

About six hours after the chick has
penetrated the air cell it pips the shell,
that is, it makes a small hole with the egg
tooth on its upper beak and breathes at-
mospheric air for the first time. By now
lung function is well enough established
to allow the significant increase in oxy-
gen consumption required for the final
effort of hatching. At the same time cho-
rioallantoic function begins to wane, al-
though it persists to the end, when the
respiratory membranes are left clinging
to the inside of the shell as the chick
emerges and the postnatal period be-
gins. The smooth transition from pas-
sive gas transport to active gas transport
is accomplished in from 24 to 36 hours.

It is now known that the flow of oxy-
gen from the atmosphere to the blood
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OUTER LAYERS OF THE EGG participating in gas exchange are
shown in this cross section covering a depth of about .4 millimeter.
The outermost layer is the cuticle, a thin organic sheet. Under it is the
shell proper, made up of columns of calcite crystals and traversed by
pores. The pores terminate in the loose, fibrous outer membrane; the
outer and inner membranes differ in fiber diameter, coarseness of
weave and total thickness. The very thin inner surface of the inner

membrane, termed the “film,” is most probably a continuous sheet.
Attached to the film is the chorioallantois (the respiratory organ of
the embryo), which is analogous to the placenta of mammals. Venous
blood (blue) pumped by the embryonic heart flows to the chorioallan-
toic membrane, where it is replenished with oxygen that has diffused
through the pores. Oxygenated blood (red) then travels to embryonic
tissue. Simultaneously carbon dioxide diffuses out of venous blood.

capillaries of the chorioallantois is regu-
lated by a series of barriers to diffusion:
the shell and the inner and outer shell
membranes. Respiratory physiologists
express the permeability of a membrane
to gas in terms of its conductance: the
reciprocal of its resistance to diffusion.
The partial pressures of the respiratory
gases are commonly expressed in torr,
or millimeters of mercury, one torr be-
ing equal to 1/760 of standard atmo-
spheric pressure (the combined partial
pressures of all the gases in the atmo-
sphere at sea level, including nitrogen,
oxygen and carbon dioxide).

There is a drop of some 100 torr be-
tween the partial pressure of oxygen in
the atmosphere (154 torr) and that in the
newly oxygenated blood of the chorioal-
lantois (58 torr). Nevertheless, an oxy-
gen pressure of 58 torr in the blood is

nearly sufficient to saturate the blood
with oxygen, which is carried to all the
tissues of the embryo. The venous blood
returning from the embryo has an oxy-
gen pressure of 22 torr. It passes through
the chorioallantois, where it is replen-
ished with newly diffused oxygen to a
pressure of 58 torr. Conversely, the par-
tial pressure of carbon dioxide drops
from 47 torr in the venous blood to 38
torr in the oxygenated blood.
Measuring the gas conductance be-
tween the inner membrane and the cho-
rioallantois proved to be extremely diffi-
cult because the gas partial pressures in
the air cell and in the oxygenated blood
must be measured simultaneously. This
experimental problem was solved by
Hiroshi Tazawa of Yamagata Universi-
ty, with whom two of us worked last
year in the laboratory of Johannes Pii-
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per at the Max Planck Institute for Ex-
perimental Medicine in Gottingen.

To measure the partial pressures of
oxygen and carbon dioxide in the
egg, Tazawa glued to the shell over the
air cell a hypodermic syringe that was
partly filled with air, so that the air in the
syringe was in direct contact with the
gas in the air cell. Over a period of a few
hours the partial pressures of oxygen
and carbon dioxide in the syringe and
the air cell came into equilibrium. By
analyzing the gas partial pressures in
the syringe it was therefore possible to
determine those in the air cell. To mea-
sure the gas pressures in the oxygenated
blood Tazawa made a small hole in
the eggshell and implanted an ultrathin
catheter, or plastic tube, in the chorio-
allantoic blood vessel that carries oxy-
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SHIFT TO ACTIVE BREATHING during the 21-day incubation
period of the chicken embryo takes place in two steps. The prenatal
period (a) is the first 18 days of development. Beginning at day five
the chorioallantois protrudes from the embryo and covers the inner
shell membrane with a net of capillaries that supply the embryo with
oxygen and remove carbon dioxide. Water vapor also diffuses con-
tinually from the egg; the liquid water that is lost is replaced by gas
to form an air cell at the blunt end of the egg. The paranatal period
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(b) begins on day 19, when the embryo penetrates the air cell with its
beak, a process called internal pipping. The embryo then begins to
breathe from the air cell, inflating its lungs and air sacs for the first
time, although the chorioallantois still continues to function. About
six hours later the chick breaks through the eggshell with the egg tooth
at the tip of its upper beak (c) and starts to breathe atmospheric air.
At this time chorioallantoic function begins to wane. Illustration is
based on one by Hans-Rainer Duncker of the University of Giessen.
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OXYGEN CONSUMPTION of the chicken embryo increases con-
siderably over the course of incubation. The increase is gradual for
the first week and a half, but between days 10 and 14 oxygen con-
sumption rises sharply. On days 19 and 20 there is a gradual switch-
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over from diffusive gas exchange through the chorioallantois to ac-
tive breathing through the lungs. By the time the chick emerges from
the egg its lungs are already working efficiently. This graph is based
on work done by A. H. J. Visschedijk of the University of Utrecht.
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genated blood to the embryo. The air in
the syringe and a sample of the oxy-
genated blood were removed simulta-
neously and analyzed for their oxygen
and carbon dioxide levels.

With this approach Tazawa found
that the partial pressure of oxygen in the
air cell is about 50 torr higher than that
in the oxygenated blood, whereas the
carbon dioxide pressure is 2.5 torr high-
er in the oxygenated blood than it is in
the air cell. The fact that there is a 50-
torr difference in oxygen pressure be-
tween the air-cell gas and the blood
calls for explanation. It is unlikely that
the air-filled spaces normally present
between the fibers of the inner shell
membrane are responsible. The differ-
ence may be caused partly by the resist-
ance to diffusion of the thin continuous
film between the inner shell membrane
and the chorioallantoic epithelium. An-
other possibility is that some venous
blood (with its low oxygen pressure of
22 torr) bypasses the capillaries where
gasexchange takes place and mixes with
fully oxygenated blood, thereby lower-
ing its oxygen pressure to 58 torr. Of
course, both phenomena may operate.

In summary, as one traces the partial
pressure of oxygen from the atmosphere
to the oxygenated blood leaving the cho-
rioallantois of the chick, one finds only
two areas where large differences in oxy-
gen pressure exist: the shell proper and
the inner shell membrane. The shell
alone, however, is responsible for al-
most the entire partial-pressure differ-
ence for both carbon dioxide and water
vapor.

Given the task of designing an effi-
cient gas-exchange system, the respira-
tory physiologist would logically try to
maximize oxygen conductance. In the
egg, however, such purely respiratory
considerations must be balanced against
other factors important for the survival
of the embryo. These factors include the
need for an eggshell thick enough to
provide mechanical protection for the
embryo, to prevent harmful bacteria
from invading the egg, to conserve es-
sential fluids and to maintain the prop-
er carbon dioxide pressure for a normal
acid-base balance.

Having learned some of the princi-
ples that govern gas exchange in
the chicken egg, we became curious
about some of the other 8,500 species
of bird eggs, which cover a broad range
of shapes and sizes. The smallest egg
known, laid by one of the 150 species of
hummingbirds, weighs a quarter of a
gram; it takes 240 of these eggs to equal
the weight of a single 60-gram chicken
egg. At the other end of the range is the
egg of Aepyornis, the recently extinct ele-
phant bird of Madagascar, which had
an average weight of nine kilograms,
equivalent to 150 chicken eggs. The Ae-
pyornis eggshell alone weighed two kilo-
grams, more than the fresh weight of an

entire ostrich egg, which at 1.5 kilo-

grams is the largest egg laid by an exist-
ing bird.

How do the shape and dimension of
the pores differ in small and large eggs?
Cyril Tyler and K. Simkiss of the Uni-
versity of Reading answered this ques-
tion by impregnating eggshells with
plastic and then dissolving away the

shells, thereby obtaining microscopic
casts of the pores. These casts have dem-
onstrated that the pores are widely vari-
able in shape, even within a single spe-
cies. We also became interested in other
aspects of respiration in the eggs of dif-
ferent species. For example, how does
the gas conductance of the shell vary
with egg size? Is there a relation between
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INTERFACE separating the inner shell membrane and the chorioallantois appears in this elec-
tron micrograph. At the top some of the fibers of the inner shell membrane are shown in sec-
tion, coated with a fluffy material. The continuous line below the fibers is the thin film lining
the inner membrane, to which the outer membrane of the chorioallantois is attached. The dark,
irregular object in the center is a red blood cell shown in oblique section. Micrograph, the mag-
nification of which is 18,400 diameters, was made by Ewald Weibel of University of Bern.
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change of gas pressures across a layer means that it has a low conduc-
tance; a small change means that the layer has a high conductance.
The graphs indicate that both pore and film have a low conductance
for oxygen; only the pore has a low conductance for carbon dioxide.
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SHAPE OF SHELL PORES changes with increasing egg size. The
length of the pores ranges from two millimeters in the ostrich egg
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to .04 millimeter in the hummingbird egg. Illustration is based on pore
casts made by Cyril Tyler and K. Simkiss at University of Reading.
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egg size and the oxygen concentration in
the air cell at the end of incubation?
How does oxygen consumption vary as
a function of egg size? And finally, how
is water loss related to egg size and the
length of incubation?

Knowing that gas exchange across the
eggshell proceeds entirely by diffusion,
we first sought to develop a method to
measure the gas conductance of intact
eggs that was simple enough to use in
field laboratories. The solution to this
problem was provided by the laws of
diffusion published in 1855 by Adolph
Fick, who was professor of physiol-
ogy at Zurich and later at Wiirzburg.
Fick had the perceptiveness to realize
that the mathematical description of
heat flow in solids developed 30 years
earlier by Jean-Baptiste Fourier could
equally well apply to molecules diffus-
ing through solids, liquids or gases.

he movement of gas by diffusion

through a permeable barrier de-
pends on the random motion of the gas
molecules and the difference between
the concentration of the diffusing spe-
cies on one side of the barrier and the
concentration on the other side. Since
collisions among gas molecules are
more frequent in a concentrated gas
than in a dilute one, the molecules will
tend to move from the side of higher
concentration to the side of lower con-
centration.

A simplified version of Fick’s law of
diffusion states that the quantity of a
given gas diffusing in a unit of time
through the pores of an eggshell will be
directly proportional to the area of the
pores available for diffusion and to the
difference between the concentration of
the diffusing gas at one end of the pore
and the concentration at the other end.
On the other hand, the rate of diffusion
will be inversely proportional to the
length of the diffusion path (in this case
the length of the pores through the egg-
shell). In other words, the gas conduc-
tance of the eggshell depends on the ra-
tio of pore area to pore length. Doubling
the area available for diffusion of a gas
or doubling the concentration difference
of that gas across the shell will double
the rate of passage, whereas doubling
the pore length will halve the rate of
passage, all other factors remaining
equal. Thus if one could measure the
flux of a gas and divide it by the concen-
tration difference of that gas across the
pores, one would be able to calculate the
conductance of the shell for that gas.

After trying several methods for mea-
suring shell conductance we finally hit
on a very simple one. If eggs are kept in
a desiccator at a constant temperature
and are removed only briefly once a day
for weighing, they lose weight at a rate
that remains constant over many days.
This weight loss results entirely from the
diffusion of water vapor through the
pores of the shell into the dry atmo-

100

100}

OXYGEN CONDUCTANCE

PORE LENGTH (MILLIMETERS)

PORE LENGTH

OXYGEN CONDUCTANCE (MILLILITERS PER DAY PER TORR)

1 | 1 .01
1 10 100 1,000
EGG MASS (GRAMS)

PORE LENGTH AND OXYGEN CONDUCTANCE increase at different rates with in-
creasing egg mass, as is shown in this graph encompassing data from the eggs of some 90 species
from different parts of the world. For every tenfold increase in mass the oxygen conductance
of the eggshell increases 6.5 times but the pore length increases only 2.7 times. Pore length
probably increases slower because the eggshell must be thin enough for the embryo to hatch.
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TOTAL PORE AREA, the sum of all the pores available for diffusion, increases almost 18
times with every tenfold increase in egg mass. For example, the fraction of total shell area oc-
cupied by pores jumps from .02 percent in the chicken egg to .2 percent in the ostrich egg. Rapid
rise in pore area with increasing egg mass accounts for the fact that oxygen conductance (ratio
of total pore area to pore length) increases 6.5 times for every tenfold increase in egg mass.
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sphere of the desiccator. Dividing the
daily weight loss by the water-vapor
pressure between the inside of the egg
and the environment yields the water-
vapor conductance of the shell. Since
the diffusion path through the shell for
oxygen and carbon dioxide is the same
as that for water, the water-vapor con-
ductance can be converted into the oxy-
gen conductance. Determining the oxy-
gen conductance in this way is relatively
easy: the only necessary tools are a des-
iccator, an accurate balance and a ther-
mometer.

Adding calipers to this armamentari-
um enables one to measure the thickness
of the shell, which is equivalent to the
length of the pores. Knowing the con-

ductance and the pore length, one can
calculate from Fick’s law the total func-
tional pore area: the sum of all the indi-
vidual pores available for the diffusion
of gases. (In the chicken egg the 10,000
pores have an aggregate cross-sectional
area of two square millimeters.)

Over the past seven years we and oth-
ers have determined the conduc-
tance of hundreds of freshly collected
eggs in various parts of the world. The
eggs, ranging in mass from one gram to
1,500 grams, were obtained from 90
species and 15 orders of birds. We have
consistently found that the gas conduc-
tance of eggs increases with the size of
the egg. This trend was expected, be-
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DIFFERENCE IN OXYGEN PRESSURE between the air cell and the atmosphere is nearly
the same in eggs of different sizes and shapes. The difference in oxygen pressure was calculated
from this graph, which for 28 species plots the oxygen consumption of the embryo before in-
ternal pipping against the oxygen conductance of the shell. The slopes of the broken lines rep-
resent oxygen-pressure differences of respectively 70 and 30 torr. Most of the experimental
points fall within these boundaries; the average value is 45 torr. The pressure of oxygen in the
atmosphere is 150 torr, so that oxygen pressure in air cell before internal pipping is 105 torr.
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cause the oxygen demand of the embryo
prior to internal pipping is greater in
large eggs than it is in small ones. The
rate of increase is not, however, directly
proportional to the mass of the egg: with
every tenfold increase in mass there is
only a 6.5-fold increase in oxygen con-
ductance.

A second interesting observation is
that with every tenfold increase in egg
mass the length of the pores increases
only 2.7 times. This trend can perhaps
be explained in terms of a balance of
adaptive factors operating in the course
of evolution. The thickness of the shell
(which determines the length of the
pores) is established to withstand the
gravitational stresses of the contents of
the egg and the weight of the incubating
parent, but the thickness is also limited
by the requirement that the embryo be
able to break through it during hatching.
This last presumably explains why egg-
shells increase in thickness in less than
direct proportion to the size of the egg.

What are the structural consequences
of a gas conductance that increases 6.5-
fold and a pore length that increases 2.7-
fold with each tenfold increase in egg
mass? Fick’s law states that the total
functional pore area is directly propor-
tional to the product of the gas conduc-
tance and the pore length. The pore area
will therefore increase about 18-fold
(6.5 X 2.7) for each tenfold increase in
egg mass. For example, a 600-gram rhea
egg, with a shell about three times thick-
er than that of a 60-gram chicken egg,
will have a total pore area that is about
18 times larger.

We can now appreciate that the struc-
tural elements of the shell (pore area
and pore length) determine its gas con-
ductance, a functional property that can
be related to the embryo’s metabolic re-
quirements and the oxygen-pressure dif-
ference across the eggshell. Here again
Fick’s law gives us the quantitative rela-
tion among these variables: the oxygen-
pressure difference across the shell is
equal to the oxygen consumption of the
egg divided by the oxygen conductance
of the shell.

Let us take as an example a hypotheti-
cal egg whose oxygen conductance is 10
milliliters per day per torr (that is, 10
milliliters of oxygen diffuse across the
shell each day for each torr of oxygen-
pressure difference). If the egg con-
sumes 500 milliliters of oxygen per day,
the oxygen-pressure difference across
the shell must be 50 torr. Since the par-
tial pressure of oxygen in the atmo-
sphere is about 150 torr, the partial pres-
sure of oxygen in the air cell of the egg
(to which the blood of the embryo is
exposed) will be 100 torr, or about 14
percent.

In order to explore the relation be-
tween shell conductance and the metab-
olism of the embryo, we compared the
oxygen consumption of the egg just be-
fore internal pipping with the oxygen



conductance of the eggshell in 28 spe-
cies [see illustration on opposite page]. The
list of known values for the oxygen con-
sumption of the eggs of many species,
large and small, was greatly expanded
by the work of three investigators at the
University of California at Los Angeles,
Donald F. Hoyt, David Vleck and Carol
Vleck. Knowing the oxygen consump-
tion of the eggs and the conductance
of the eggshells, we could then utilize
Fick’s law to calculate the oxygen pres-
sure in the air cell. We found that the
value was approximately the same for
all 28 species: about 105 torr of oxygen,
or 15 percent. This value was verified by
directly sampling the air cell in 13 spe-
cies. In addition the measured value of
carbon dioxide in the air cell averaged
35 torr, or about 5 percent.

These values of oxygen and carbon
dioxide in the air cell just prior to inter-
nal pipping are nearly identical with
those found in the lungs of adult birds.
Therefore the oxygen conductance of
the eggshell appears to be matched to
the egg’s uptake of oxygen to “antici-
pate” the oxygen demand of the embryo
prior to internal pipping and to provide
in the air cell the oxygen and carbon
dioxide pressures characteristic of the
adult bird. A. H. J. Visschedijk of the
University of Utrecht has suggested that
these gas pressures initiate the final act
of hatching and prepare the embryo for
its postnatal existence.

It is remarkable that the gas conduc-
tance of the eggshell is calibrated to the
mass of the embryo to yield nearly the
same final concentrations of oxygen and
carbon dioxide in eggs of different sizes.
The general plan for shell porosity and
function is even more impressive if one
considers that the incubation period of
bird eggs may vary from 11 days in
some of the smaller species to 70 or
more for the eggs of the tube-nosed
birds, such as the wandering albatross.

o far we have not considered in detail
the loss of water from the egg, which
proceeds at a constant rate throughout
incubation. Water loss in any given egg
is independent of metabolic rate and yet
appears to be necessary for successful
hatching. The reason for this is not fully
understood but may concern the state of
hydration of the embryo.

Rudolf Drent of the University of
Groningen was the first to point out that
the daily rate of water loss during natu-
ral incubation is related to egg mass.
Surveying data in the biological litera-
ture, he demonstrated that in 45 species
of birds the daily rate of water loss in-
creases 5.6 times for every tenfold in-
crease in egg mass. We subsequently
noted that an even more precise relation
between water loss and egg mass could
be derived if we calculated the total
amount of water lost during the incu-
bation period and plotted this value
against the initial mass of the egg. Our
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LOSS OF WATER during incubation is indep

dent of the metabolic rate of the embryo, yet

it appears to be essential for successful hatching. Here the total amount of water lost during
incubation has been plotted against the initial mass of the egg. The graph includes data obtained
from 65 species of eggs ranging in size from one gram to 500 grams, with incubation times
ranging from 11 to 70 days. There is a remarkably consistent trend: regardless of egg mass or
incubation time, the typical egg will lose 15 percent of initial mass during natural incubation.

survey covered the eggs of some 65 spe-
cies of birds, ranging in mass from 1.5 to
500 grams and in incubation time from
11 to 70 days. The results showed a re-
markably consistent trend: regardless of
mass or incubation time, a typical egg
will lose 15 percent of its initial mass
during natural incubation. This loss
gives rise to the air-cell volume, whose
functional importance to the embryo we
have already discussed.

The gas spaces within the egg are es-
sentially saturated with water vapor, so
that at the average incubation tempera-
ture for most species (35.6 degrees Cel-
sius) the vapor pressure within the egg is
44 torr. For the egg to lose the requisite
amount of water the vapor pressure in
the microclimate of the typical bird’s
nest must be maintained at about 15
torr, equivalent to a relative humidity of
45 percent. That humidity level can be
maintained only by periodically venti-
lating the nest with drier atmospheric
air. It is not known how the parent bird
senses the humidity of the nest, but
through its behavior it is able to regulate
the passage of water vapor from the nest
into the drier ambient air. The parent
therefore has two major functions dur-
ing incubation: it not only warms the
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eggs to an optimal temperature but also
maintains the humidity of the nest air
within close tolerances.

he length of embryonic develop-

ment, or incubation time, is proba-
bly determined by genetic factors, but
the metabolic rate of the embryo must
be tuned to this incubation time so that
by the end of the period—long or short—
the embryo is mature enough to hatch
and survive. One might therefore pre-
dict the intriguing possibility that the ex-
act geometry of the eggshell’s pores (and
hence the shell’s oxygen conductance) is
calibrated both to the egg’s mass and to
its incubation time.

It seems clear that the eggshell and
its associated membranes are closely
adapted to the respiratory needs of the
embryo, although certain compromises
have been made in the course of evolu-
tion to ensure the mechanical stability
of the egg and the fluid and acid-base
balances of the embryo. Our studies
have also demonstrated that the bird egg
provides an ideal model for studying the
diffusion of gases, which may eventually
help in understanding the more compli-
cated diffusion processes in the airways
and air sacs of the human lung.
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Lake-Bottom Archaeology

Mountain lakes from France to Austria and from Germany to Italy

attracted many prehistoric settlers. Underwater archaeologists are

now investigating sites that once were only dredged by collectors

ne of the most familiar pictures
O of how people lived in prehis-
toric times is that of European
lake dwellers: Neolithic and Bronze Age
farmers who lived in houses built on pil-
ings over the water. This picture is false,
and has been known to be so for dec-
ades. The evidence is that these villagers
often built their houses at the side of a
lake but rarely, if ever, built them over
the water. The reason it appeared they
had done so is that since that time the
level of the lakes has risen, submerging
the remains of the villages and leaving
them some distance from the shore.

Archaeologists may regret the per-
petuation of the lake-dweller myth,
but they can be grateful for the numer-
ous submergences that gave rise to it.
Drowning has preserved many of the re-
mains that would long ago have been
destroyed by natural causes at any dry-
land site. For example, wood objects
and textiles that would weather and de-
cay at dry-land sites can be almost per-
fectly preserved in wetland and under-
water locations. Equally important, the
same is true of both wild and domesti-
cated plant materials. Only a decade ago
few investigators paid much attention to
the clues such materials offer to the var-
ied environments of prehistoric times.
Today, however, archaeologists set
great store by such information. It can
reveal the extent of prehistoric man’s
environmental adaptation, and the more
(or less) efficient prehistoric man’s adap-
tation to his environment was, the more
(or less) assured was his survival.

A knowledge of prehistoric environ-
ments is also a prerequisite for assessing
man’s technical progress and his influ-
ences on the world around him. For ex-
ample, a forest environment ought to
inspire the invention of the woodsman'’s
ax. When an archaeologist excavates an
early forest dweller’s shelter, it is good
to find the axes the woodsman wielded.
It is even better, however, to discover
what kind of forest the woodsman in-
habited by analyzing the plant remains.
It is better still if the analysis reveals
the woodsman’s impact on his environ-
ment, for example his selective cutting
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of certain species of trees. Studies of this
kind are facilitated by the preservation
of plant materials at wetland and sub-
merged sites.

The eastern reaches of France, partic-
ularly those areas adjacent to the north-
ern face of the Alps, are abundant in
lakes and lakeshores that provided vil-
lage sites from as long ago as Neolithic
times up to the Middle Ages. Most of
these villages were later drowned; many
were first discovered more than a centu-
ry ago during an exceptionally severe
drought. In 1853 and 1854 the level of
lakes fell throughout Europe. At Lake
Geneva, for example, many long-sub-
merged shore dwellings on the French
side of the lake were exposed to view.
Today the number of such sites discov-
ered at the mountain lakes of France has
grown to a total of 38. Similar drowned
villages were exposed in western and
central Switzerland, southwestern Ger-
many, Austria and northern Italy.

In the years between the mid-1850's
and 1935 rich collections of “lake
dweller” artifacts were assembled. They
are now to be found in private collec-
tions and in museums throughout Eu-
rope, but with a few rare exceptions the
original collecting was far from scientif-
ic. The practice was merely to drag up to
the surface various objects that were
scattered on the lake bottom or were
shallowly buried in the bottom silt. The
collectors often worked with ingenious
dredging tools in order to reap this spe-
cial harvest.

Much of the work was done at such
Swiss sites as Auvernier and Cortaillod
on Lake Neuchitel and Meilen and
Wollishofen on Lake Zurich; the French
contribution was mainly from Lake

Bourget in the Savoy, halfway between
Grenoble and Geneva. As if to fore-
shadow a more scholarly approach, in
1929 the drowned site of Sipplingen, on
the German shore of Lake Constance,
was pumped dry a little at a time, with
the aid of caissons, thereby allowing the
methods of dry-land archaeology to be
applied during excavation.

With the invention of practical free-
diving gear in the 1940’s an entirely
new means of underwater investigation
became available to archaeologists. A
number of amateur divers began to col-
lect “lake dweller” antiquities with the
aid of the new apparatus. A. Favre, who
worked at Lake Annecy, a little to the
northeast of Lake Bourget, was one such
early worker. These divers’ work was
not, strictly speaking, excavation, but it
was a considerable advance over the
earlier dragging and dredging.

True lake-bottom archaeology began
in 1952, and its pioneer was Raymond
Laurent of the Centre de recherches ar-
chéologiques lacustres du Dauphiné-
Savoie. Influenced by the teachings of
an eminent French prehistorian, An-
dré Leroi-Gourhan of the Collége de
France, Laurent brought to his under-
water work a comprehensive grasp of
how to organize a lake-bottom site for
the precise recording of the horizontal
and vertical distribution of artifacts. He
too worked at Lake Bourget and Lake
Annecy and he also worked at Lake
Aiguebelette, a little to the southwest of
Lake Bourget; his underwater excava-
tions between 1960 and 1969 paved the
way for today’s fully disciplined lake-
bottom work. By 1963 Ulrich Ruoff was
conducting equally sophisticated inves-
tigations in Switzerland at the Lake Zu-
rich site of Kleiner Hafner. At the same

UNDERWATER EXCAVATOR at Baigneurs, a drowned Neolithic village in eastern France,
is seen at work in the photograph on the opposite page near one apex of a triangular duralumin
frame. The equilateral triangle has sides five meters long. Red and white ribbons subdivide the
area into 25 smaller equilateral triangles, each enclosing an area of 430 square centimeters. In
front of the excavator is what remains of an upright timber that was once a corner post in a
Neolithic farmhouse. To the excavator’s left is the collecting bucket that will carry to the sur-
face the house-floor debris he has gathered after noting its horizontal and vertical coordinates.
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time work of a more traditional kind
continued. For example, between 1969
and 1972 a number of sites in the Auver-
nier Bay section of Lake Neuchatel were
excavated by divers, and other bay sites
were diked and pumped dry to allow
conventional excavation.

It is my intention here to describe
lake-bottom archaeology as it stands to-
day, taking as my example a Neolithic
lake-bottom site in the northern Dau-
phiné, southwest of the Savoy. The site
was singled out for salvage archaeology
in 1971. The lake whose shores once at-
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SIX-NATION SECTOR of alpine and subalpine Europe contains the many large and small

lakes that were selected by Neolithic and Bronze Age farmers for lakeshoresettlements. A rise
in lake levels concealed the deserted villages until a drought in the mid-19th century exposed
them, bringing about the myth of the Alpine lake dwellers. The lakes named here contain many
of the principal Neolithic and Bronze Age sites; only a few have been scientifically excavated.
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LAKE PALADRU, in the Dauphiné southeast of Lyons, gives rise to a tributary of the Isére
River. Near Charavines at the outlet of the lake is the drowned Neolithic settlement of Bai-
gneurs. The author and his colleagues have undertaken rescue archaeology there since 1972
while at the same time conducting a workshop in the techniques of underwater archaeology.
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tracted Neolithic settlers is called Pala-
dru; it is a little less than 45 kilometers
northwest of Grenoble on the route to
Lyons, and the specific drowned shore-
line site we investigated, some two to
three meters underwater, is known as
Baigneurs. The lake-bottom strata in
which the Neolithic remains are found
were deposited some 5,000 years ago.
They are thin and readily broken up, so
that they call for the most painstaking
excavation.

Our salvage operation at Baigneurs
was based on the Laurent system
of lake-bottom topographic analysis,
the key requirement of which is that the
location of all finds should be recorded
quite precisely. Also implicit in the Lau-
rent system is that all the artifacts in
each lake-bottom stratum, no matter
how small or fragile, are salvaged.
Our own contribution to the Laurent
system was to make sure that literally
all the objects—not just the man-made
ones—were collected. Ever since my
colleagues (Francgoise Ballet, Patrick
Grandjean, Christian Orcel and Alain
Cura) and I began our work some seven
years ago that has been a prime objec-
tive. Only this kind of collecting makes
it possible to reconstruct the environ-
mental shifts of Neolithic times.

The first problem confronting any
lake-bottom archaeologist is limitations
in visibility. Even without taking into
account the clouds of particles that rise
from the mere act of digging in the lake
bottom, the range of the diver’s vision
can be only a few centimeters, depend-
ing on the surface winds, the lake cur-
rents and particularly the season. Dur-
ing much of the year lake waters are
naturally clouded with seasonal growths
of algae and plankton.

That is one reason the grid used to
control dry-land excavations (a checker-
board of one-meter squares) is virtually
useless underwater. It is difficult enough
under conditions of limited visibility to
lay out such a grid with geometric preci-
sion, and it is even more difficult to mea-
sure the actual location of an object
within a particular square. One mustrun
two perpendiculars from the object to
two adjacent sides of the square and re-
cord both the precise intersection point
and the precise length of each perpen-
dicular.

Laurent’s solution for the grid prob-
lem was simple and inspired: instead of
squares he used equilateral triangles. To
locate an object found within one of the
triangles in such a grid it is necessary
only to measure the distance to the ob-
ject from all three of the triangle’s apex-
es. This is done by means of tapes at-
tached to each apex in the grid. To build
the grid itself one begins with a single
known point and three small girders of
equal length. At each apex the girders
are interlocked by a collar that fits onto
a vertical tube sunk into the lake bot-



FORMER LAKESHORE

LOW-LEVEL AERIAL PHOTOGRAPH of Lake Paladru has been rights that formed a palisade on the inland perimeter of the village.

annotated by the excavators to indicate the extent of the drowned Annotation (white) locates one large house (circled uprights) at the
Neolithic village. In preparation for the photograph the divers set northwest corner of the village near the ancient lakeshore (broken
white metal plates on top of each upright house timber they had locat- line) and two other houses nearby. The palisade and its gate are also

ed on the lake bottom and set red plates on the smaller timber up- annotated. Additional uprights and debris are still being investigated.

N
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RECONSTRUCTION suggests the probable appearance of the first village livestock when the animals were not herded into nearby mead-

settlement at Baigneurs after the third farmhouse was built there. The ow and forest to forage. Fishing on the lake was a regular activity, as
palisade was evidently not defensive but was a means of confining the is shown by therecovery of net weights and a fishhook from the ruins.
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“WATER CURTAIN,” a device developed by the Swiss diver Ulrich Ruoff in 1963, is used at
Baigneurs to improve lake-bottom visibility. In the diagram the water-curtain tube has been
secured along one side of a five-meter triangle; the lake bottom covered by the six small tri-
angles nearest the tube (color) is being excavated. A submerged pump supplies 60 cubic meters
of water per hour to the tube; the water emerges through a series of bullet-size holes spaced 20
centimeters apart. The flow of water (black arrows) creates a local current (colored arrows)
that serves to carry away the particles of silt that cloud the water in the diver’s work area.
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UNDERWATER GRID, used to determine the exact position of excavated materials, consists
of interlocking equilateral triangles. The diagram shows the part of the site excavated so far
(gray line) and the inner set of six triangles that the divers were able to bring together to form a
hexagon with a 30-meter circumference (gray fone). The cumulative error in closing the hexa-
gon was only seven centimeters. Additional triangles, erected on the core of the central six,
embrace the entire excavation area; all but one of them extend beyond its perimeter. The sub-
division of a five-meter triangle into 25 smaller triangles (color) is shown here in one location.
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tom. Once the first triangle has been set
up the grid can be extended indefinitely
by the addition of girders that are inter-
locked in the same way. The accuracy
of the system is well within the neces-
sary limits. Using five-meter duralumin
girders to form successive triangles we
have been able to ‘“close” a 30-meter
hexagon made up of six contiguous tri-
angles with a cumulative error of only
seven centimeters.

Although the interlocking metal tri-
angles provide an excellent reference
grid for both horizontal and vertical
measurements, the area within each tri-
angle (nearly 11 square meters) is much
too large for a single mapping unit. We
therefore use ribbon or string to subdi-
vide each large triangle into 25 small
triangles that measure one meter on a
side. The area within each small triangle
is much more manageable: it is less than
half the area of the square-meter unit of
the conventional dry-land grid.

Once the reference points are estab-
lished underwater, excavation can be-
gin. The divers may, depending on sea-
sonal factors, be handicapped by the
naturally poor visibility, but they no
longer need to work in a cloud of silt of
their own making. The reason is that an
apparatus developed by Ruoff in the
early 1960’s establishes artificial water
currents to carry away the fine particles
that are stirred up by the digging, much
as a breeze carries away smoke. We call
the current created by the Ruoff appara-
tus a water curtain.

he excavators working on the lake

bottom bear the primary collect-
ing responsibility, but those working on
shore to process the sediments collected
by the divers make their own vital con-
tribution. Their sieving extracts from
the sediments the largest possible quan-
tity of material for analysis. It is not for
nothing that we refer to our kind of ar-
chaeology as two-story excavation.

The diver’s work is far more demand-
ing than might be supposed by someone
who has dived recreationally in clear,
warm water. Even dry-land excavation
calls for dexterity and an ability to rec-
ognize the changes in soil texture and
color that mark individual strata. Exer-
cising these same capacities when one is
submerged in cold, murky water is pos-
sible for only limited periods of time.
Just as one’s body grows increasingly
numb, so do one’s wits lose their quick-
ness. To make even a small mistake is
to risk the loss of irreplaceable infor-
mation. The ideal underwater excava-
tor combines physical and mental en-
durance with technical competence and
what might be considered a moral quali-
fication: scientific ethics.

The top layer of lake-bottom sedi-
ment at Baigneurs, from 10 centimeters
to a meter and a half thick, contains
nothing of archaeological interest. This
“sterile” sediment, however, has helped



CLUSTER OF TIMBERS, some upright and some flat on the lake
bottom, appears in this underwater photograph. The horizontal and
vertical positions of each timber will be recorded with reference to

to preserve the archaeological materi-
als lying under it. Before beginning the
painstaking work of excavation the div-
er removes the overlying sediment from
his section of the bottom with a suction
pump. Then, using only his bare hands,
he gently lifts from the exposed surface
one thin horizontal section of material
after another. Only in this way can he
feel any pieces of wood, bone, cloth or
pottery the uncompacted debris may
contain and take steps to protect them
against destruction.

If the diver’s handling indicates that a
horizontal section holds no sizable arti-
facts, he places the material in a bucket
for transfer to the sievers on land. If he
touches an artifact, he carefully uncov-
ers it and makes a sketch of it in situ
before removing it from the section. If
the water is sufficiently clear and there is
enough light, he also makes a photo-
graph of the object in situ. Of the objects
we uncovered at Baigneurs we recorded
in this manner most of the pottery, all
the flint tools except the smallest ones,
all the wood objects (such as spoons,
combs, ax handles and small planks),
animal remains (such as deer antlers)
and two flint daggers with their wood
handles still in place.

When even more fragile materials,
such as textiles, were uncovered, the
divers were able to avoid disturbing

them further by cutting out an entire
block of the bottom and raising the
block with the material to the surface in
one piece. We used the same technique
on a larger scale, removing blocks of
lake bottom weighing from 10 to 100
kilograms, when we wanted to preserve
entire stratigraphic sections or to obtain
quantities of material for paleobotani-
cal analysis. Our excavators also took
from the lake bottom numerous deep
cylindrical “cores” to get samples of
pollen for analysis of the ancient plant
communities and samples of mollusk
shell for analysis of the prevailing an-
cient temperatures. These cores were
obtained from a float by plunging into
the bottom a plastic tube eight centime-
ters in diameter, from two to three me-
ters long and heavily weighted at the
upper end.

The upper half of our two-story exca-
vation differs in several ways from dry-
land archaeology. The kind of sieving
we do is conventional, but many of the
objects our sievers retrieve are organic,
for example wood artifacts and plant
materials such as seeds. Submersion has
preserved these objects; to let them dry
out would be to destroy them. After the
objects are numbered, weighed and re-
corded on a chart they must be sealed in
plastic bags to keep them wet. Even
fragments of pottery, which are normal-
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the small triangles of ribbon that subdivide the corner of the larger
triangle partly visible here. Analysis of the wood still protected by
bark at Baigneurs reveals the time of year when the trees were felled.

ly indestructible, may need to be bathed
in polyvinyl acetate to keep them from
crumbling when they dry out.

hen samples of wood are present

in an archaeological deposit, as
they are at Baigneurs, there is the possi-
bility of establishing the deposit’s abso-
lute age. In recent years much progress
has been made in correlating actual cal-
endar dates with dates determined by
sequences of tree rings and the decay of
carbon 14. In the New World the tree-
ring year count has now been reliably
extended back beyond 5000 B.c. In the
Old World the best such record, the
Chronology of Treves, goes back only
to about 800 B.c. Tree-ring sequences
also exist for earlier periods, such as the
Neolithic, but they are not yet linked
up with the more recent chronologies.
Hence in general the only estimates of
age for these “floating” chronologies are
carbon-14 ones.

If several floating counts can be corre-
lated, however, the absolute chronologi-
cal differences between them can be ex-
pressed in actual solar years rather than
carbon-14 years B.p. (before the pres-
ent). This kind of work is in progress at
the Dendrochronology Laboratory of
Neuchétel under the direction of my
colleagues Orcel and Lambert. The tree-
ring data from Baigneurs wood are now
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being integrated into the expanding tree-
ring chronology for western Switzer-
land, even though the work faces such
obstacles as the fact that much of the
Swiss material is based on samples of
oak and ours is based on samples of fir.
The overall result is that we can talk
about the Baigneurs settlements with a
chronological precision that would have
been impossible a few decades ago.

Among the samples of wood at Bai-

gneurs are house posts and beams with
the bark still on them, which makes pos-
sible even greater precision. The se-
quence of tree rings establishes the year
a tree was felled. Bark, when it is pres-
ent, protects the latest ring, a fragile
outer growth. Viewed under the micro-
scope, this developing growth provides
evidence on whether the tree was felled
in winter or summer, spring or fall. Ide-
ally all the house timbers that are more
than seven or eight centimeters in diam-
eter should be sampled for their ring se-
quence and all the sequences should be
interrelated. We have done this since
1974, and by the end of the 1978 season
our 150 square meters of excavation had
yielded the material for 810 individual
tree-ring samples.
i In addition to the contribution to dat-
ing made by these ancient posts and
FLINT DAGGER, deftly pressure-flaked and fitted with a handle made of wood, was one of  beams other plant remains provide clues
two such wood-hafted artifacts found in the compacted plant litter that covered house floors.  to the life of the Neolithic farmers who
cleared the forest here. They felled the
fir and ash trees but left the oaks stand-
ing, presumably because they valued the
harvest of acorns. They also protected
other nut trees, clearing away the near-
by growth so that the sun could reach
them. As a result the nuts that were har-
vested from the protected trees were
twice the size of those of untended
neighbors.

Our intensive collection of plant re-
mains has also enabled us to demon-
strate different uses of different materi-
als. For example, the inhabitants made
beds of fir boughs and filled the chinks in
their house walls with moss. We can
even trace the lines of the house walls by
the accumulation of hazelnut shells
along the inside of the wall. Analysis of
the charcoal from hearths indicates that
for firewood the settlers preferred beech
and oak.

The Neolithic inhabitants of Bai-
gneurs selected as their building site a
headland near the outlet of Lake Pala-
dru. The settlement occupied an area of
some 1,500 square meters running down
to the lakeshore. On the land side the
village was enclosed by a small palisade
fence that included a gateway. A virtual
forest of posts at the center of the enclo-
sure reveals a pattern of adjacent small
rectangular houses aligned along nar-
row alleys.

The village site was occupied not once
WOOD LOOM COMB, one of several artifacts indicating that the farmers of Baigneurs made Ut twice. The first occupation level is
their own cloth, is a further example of how objects that might soon have disintegrated at an separated from the second by a layer of
open-air site may be preserved in wetland and underwater locations. Once uncovered, how-  silt that was deposited during a tempo-
ever, wood objects must be kept wet until laboratory techniques for preservation are applied. rary rise in the level of the lake. The

‘...":_
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first settlers arrived on the scene in
about 2900 B.c. They were farmers who
had apparently lived in a nearby village;
the grassy headland with its thick forest
of fir trees adjacent evidently caught
their fancy. They came in winter, and in
preparation for their return they felled
several small firs with trunks ranging
from 10 to 14 centimeters in diameter.
These they stripped of their branches
and stacked.

he visitors came back the following

winter. They chopped down more fir
trees and built their first house, using
these trees and the ones they had felled
the preceding year. The house, 12 me-
ters long and four meters wide, was ori-
ented with its long axis running east-
west. It consisted of a single room with
a clay hearth in the center and a door
in the north wall. The fir-tree trunks
formed the frame of the house; they
were set in holes from three to four me-
ters deep. Trunks smaller in diameter
formed the horizontal beams; they were
lashed to the top of the uprights with
ropes and vines. The roof covering this
sturdy frame was probably thatched
with reeds; the walls were made of slen-
der vertical poles, from two to three cen-
timeters in diameter, their butts set in a
shallow trench. Although fir was chosen
for the uprights, many of the wall poles
were hazel branches. The chinks be-
tween the poles were filled with moss
and reeds. One can assume that the
housebuilders burned over the area they
had cleared to prepare the ground for
cultivation, but there is no way of know-
ing whether they farmed the area the
following spring.

A second house, identical with the
first, was built the following winter. It
was south of the first house and was sep-
arated from it by an alley only 1.2 me-
ters wide. The door of the house, in the
north wall, opened on this alley. Today
the prevailing wind at Lake Paladru is
from the north; the east-west orientation
of the Neolithic house suggests that
5,000 years ago the prevailing wind was
from the east.

With the building of the second house
the Neolithic settlement seems to have
been firmly established. It was now
destined to be occupied for some 30
years. The numerous artifacts we have
brought up from the lake bottom enable
us to reconstruct with some confidence
the villagers’ daily lives. Stone tools are
less common than a 30-year occupation
would suggest. Made from locally avail-
able nodules of flint, they are for the
most part shaped roughly, although a
few of them, including blades and scrap-
ers, are elegantly pressure-flaked; so are
the two flint daggers we recovered with
their wood handles intact. Certain of the
other flint tools also showed traces of
wood handles.

Most of the containers that have sur-
vived are clay pots, simple in shape and

not too well fired. Bits of woven basket
indicate that the villagers did not de-
pend for storage on pottery alone. The
fragments of textiles provide evidence
that weaving was practiced, as do nee-
dles, many balls of thread, wood loom
combs and wood spindles suitable for
the spinning of wool and flax. The varie-
ty of these artifacts makes it clear that
the villagers did their own weaving rath-
er than importing cloth.

Among the other artifacts made of
wood are spoons that could easily be

mistaken for the wood spoons of today.
The villagers’ capability as woodsmen,
clearly apparent in the construction of
their houses, is further indicated by a
number of long ax handles. One of these
still held a blade of polished stone. Oth-
er handles were evidently fitted with
sleeves made of antler to help cushion
the shock of chopping.

\athat did these people eat? Al-
though they were farmers, they
were by no means entirely dependent on
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TREE-RING CHRONOLOGIES for Europe extend from about 4000 B.C. to the present but
do not form an unbroken sequence, The three longest sequences are the Chronology of Treves,
which extends approximately from 750 B.C. to A.D. 700, and two overlapping Danube chro-
nologies that run from 4000 B.C. to about 1500 B.C. The tree-ring dates at Baigneurs correlate
with a Swiss chronology, Auvernier, that extends for some 250 years starting in about 3000
B.C. For much of the period between 5000 and 1000 B.C. age estimates based on carbon 14
are later than tree-ring dates; for example, samples of 3000 B.C. (some 5,000 years ago) yield
carbon-14 dates of about 4400 years B.P. (before the present). The erratic line at left shows
carbon-14 discrepancy calculated by Hans E. Suess of University of California at San Diego.
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domesticated foodstuffs. The animal
bones we have recovered indicate that
they regularly hunted deer and on occa-
sion even bears. Little flint projectile
points suggest they also hunted small
game, but the bones of such animals
have not survived. The villagers fished
in the lake; we have found stone net
weights and bits of netting (and a single
copper fishhook, even though 3000 B.c.
is long before the age of metal began
in this part of the world). From their
domestic animals, and perhaps those
of their neighbors, the villagers supple-
mented their meat diet with beef, mut-
ton, pork and goat meat.

From the villagers’ domesticated
plants—wheat and barley—they milled a
coarse flour with which they baked flat
cakes; the milling was done with mill-
stones of granite. They also cultivated
flax, and although they did so mainly to
get fiber, they may have prized the oily
flax seeds. They gathered numerous
wild plant foods. In addition to the
acorns and hazelnuts I have mentioned
they gathered beechnuts, blackberries,
wild plums and apples. They must sure-
ly have baked their cakes on the clay
hearths and broiled their meat over

open flames, but they also knew the art
of stone boiling. For this kind of cook-
ing one partly fills a pot with water and
heats a number of stones in the fire until
they are almost red-hot. The hot stones
and the food are then put in the pot to-
gether and the stones bring the water
to a boil. The sudden quenching often
shatters the stones. These people used
quartzite pebbles as their boiling stones,
and their hearths became littered with
bits of quartzite.

In the ninth winter of their occupation
the villagers completely rebuilt the first
house. Nine years later they rebuilt both
houses. The house plan remained the
same: an oblong with a central hearth.
Over those 18 years the level of Lake
Paladru may have fluctuated slightly in
response to variations in the climate and
on occasion could even have wet the
floors of the houses. There was no major
flooding; the settlement was eventually
destroyed not by water but by fire.

We cannot tell exactly when the hous-
es burned down. The fire could scarcely
have been later than some 30 years after
the founding of the settlement. By that
time there would have been little left to
burn: the maximum lifetime of this kind

STRATIGRAPHIC SECTION of lake bottom at Baigneurs shows, from top to bottom, an
upper layer of sediments that proved to be sterile, or entirely lacking in artifacts (light area), a
layer containing the debris of the second Neolithic occupation (thick dark layer), a second ster-
ile layer of sediments separating the second Neolithic occupation from the first (light), a very
thin first stratum of occupational debris (dark) and finally the sterile lake bottom below it.
Wedged between the lake bottom and the first stratum is a flat milling stone made of granite.
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of wood house at a shoreline site is only
15 years. At the same time our tree-ring
records indicate that the disaster came
sometime after the 19th year of the set-
tlement; we have recovered a house post
with growth rings extending to that year,
evidently a late addition to one of the
houses.

The character of the plant community
that reinvaded the deserted settlement
was different from that of the primeval
stand of fir. The forest was opener to
sunlight; among the firs grew alders,
elms and ashes. As the forest advanced
the lake level rose. Eventually the water
stood perhaps 1.5 meters above its for-
mer level, and the burned ruins were
covered by a thin layer of silt. The silt
layer was then colonized by beds of
reeds growing along the new shoreline.

ome 60 years after the founding of the
first settlement, at a time when Lake
Paladru had dropped back to its earlier
level, a second Neolithic farming group
settled in exactly the same place near the
lake outlet. The style of their pottery
and their flint artifacts was the same as
that of the earlier group; the newcomers
may even have been descendants of the
original settlers. They did, however,
build houses that were smaller and more
nearly square. Surviving clay hearths
were used by the newcomers, but in gen-
eral their houses on the headland were
more haphazardly located. If there is
any difference between the two groups
other than the size of their houses, it is
that the early settlers floored their hous-
es with fir boughs and ferns and their
successors sometimes floored them with
bark. When it came to means of sub-
sistence and way of life, the settlements
were the same.

What subdivision of European Neo-
lithic culture is represented at Bai-
gneurs? Studies of the pottery and the
flint artifacts indicate that these lake-
shore people were members of a widely
distributed population whose cultural
tradition flourished in western Switzer-
land, in the Jura Mountains, in the val-
ley of the Sadne, in the Savoy and in
northern Dauphiné. To European pre-
historians the culture is known as the
Sadne-Rhone civilization. The western
members of this population had close
relations with the Neolithic farmers to
the south in France; those closer to
Switzerland and within it had similar
ties with the Neolithic farmers of cen-
tral Europe. Carbon-14 analysis places
the Baigneurs settlements in an early
Sadne-Rhéne phase, dated at about
2900 B.c. Established by chance at the
end of Lake Paladru, the two settle-
ments spanned some 90 years before the
second settlement was abandoned for no
apparent reason. Thereafter a rise in
water level transformed the lakeshore
into lake bottom and the ruins of Bai-
gneurs remained untroubled for five
millenniums.



Out of photographic
technology but not
at all photographic

At several hospitals in recent months,
laboratory tests for blood glucose
(GLU) and blood urea nitrogen (BUN)
have been done by a new method based
on little squares of film, 16 mm x
16 mm, in plastic mounts as though for
a projector. But they bear no images.

In health care, society can ill afford
novelty for the sake of novelty. To justi-
fy our massive multidisciplinary effort,
we must first tell you that the popular
image of the clinical laboratory, source
of the numbers with which today’s
quantitatively thinking physicians do
their thinking, is out of date. The bub-
bling glassware representing science at
work can’t handle the volume of routine
tests routinely ordered. Nowadays little
test tubes move through very complex
machines as liquids are added, with-
drawn, stirred, filtered, heated, cooled,
bubbled, scanned, etc. in mechanical
imitation of the chemists who were
called in when the doctors stopped re-
lying on just the gross appearance of
the patient and the patient’s contents.

Our approach restores simplicity. No
pipes, no squirts. The only liquid is the
serum under assay. It works because
we know how to coat layer upon tissue-
thin layer of compositions within which
chemical and physical events and inter-
actions can be controlled with a nicety
that seemed preposterous when first
proposed for color photography long
ago. In those days color photography
meant three-in-one cameras and infi-
nite patience. Photography has become

KODAK EKTACHEM Clinical Chemistry Slides.
Actually, nobody handles them or looks at them.

simpler the manipulation outside the

factory. So it is to be in clinical chem-

istry, we intend. To wit:
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Precision metering by isotropic porosity instead of
fancy plumbing. A variation of 10% in drop volume
would make only 1% difference in serum per unit area
reaching reagent layer.
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1. glucose oxidase, enzyme that catalyzes oxidation of
glucose to gluconic acid, releasing H,0,;
2. peroxidase, enzyme that catalyzes coupling, in pro-
portion to H,0, present, of
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3. 7-hydroxy-1-naphthol to

4. 4-aminoantipyrine to make dye;

5. buffer to maintain pH near optimum for both reac-

tions
TRANSPARENT SUPPORT through which density of
dye to be formed will be measured against white
reference
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Same as for GLU

REAGENT LAYER

Loaded with urease, enzyme which releases NH; and
NH4* from urea. Buffered to pH 8 to push equilibrium
toward NH4*.

BARRIER LAYER

/Cellulose acetate butyrate passes only nonionic sub-

stances, bars buffer and OH~ which would cause dye to
form if they penetrated.

\\\\\ \\\\\\ INDICATOR LAYER
i Cellulose acetate carrying an indicator that gives ccior
weakly with NH; and not at all with NH,*. (Otherwise
the range of color density would be too wide for con-
e~~~ — s venient reading because the corresponding BUN range

of medical interest—4 to 130 mg%—is so wide.)

TRANSPARENT SUPPORT through which dye density
will be measured

BUN ASSAY

For answers to the kind of questions
that are prompted by more than just
passing curiosity, write to R. Barnes

Parsons, Kodak, Rochester, N.Y.
14650.

what it is today because the more that’s
packed into the layers of the film, the

The KODAK EKTACHEM GLU/BUN Analyzer is our own version of an instrument
which accepts undiluted serum samples and blank Kopak ExTacHEM Clinical Chemistry
Slides, measures concentration of GLU or BUN or both, and accumulates the used
slides for disposal. It receives push-button instructions to set itself for GLU or BUN,
applies a 10-ul drop to the appropriate type of slide with no carryover from one sample
to the next, incubates for the proper number of minutes at 37°C, and uses the TiOo-
impregnated spreading layer of the slide as a background for a photomultiplier to read
reflection density through a narrow-band filter at 540 nm for GLU or 670 nm for BUN.
The precision required of that reflectometer unit was the kind of challenge to which
optical engineers in the color photography business have become accustomed. The
microprocessor in the unit even corrects for nonlinearity of reflection density with dye
concentration!
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Now wait till you hear about the little
chip of nonphotographic film for assay-
ing triglyceride in serum. It contains
ATP, the storage stuff for biological
energy, and four enzymes, including
peroxidase from horseradish and an
oxidase we prepare from Streptococcus
faecium. Or our film for
amylase assay. Or the one
for bilirubin. We could go

odak
on and on. In fact, we
have.

@© Eastman Kodak Company, 1979



YOU'LL FIND SOMETHING NEW TO LOVE
EVERY TIME YOU DRIVEIT.

At first, it may be Grand Prix’s beautiful, trim styling

that captivates you the most. With its rich, formal roof-

line. And new cross-hatch grille.

The next time, it may be Grand Prix’s luxurious inte-

rior that charms you. With its soft, available bucket seats.
Its impressive roominess. And impressive quiet, due in
part to special body mounts and door and body seals.

It's easy to fall in love with Grand Prix's road ability,

too. There's o new freer breathing standard 3.8 litre
(231-CID) V-6 that will amaze you with its response.
Grand Prix is equipped with GM-built engines pro-
duced by various divisions. See your dealer for details.
It all makes Pontiac's new 1979 Grand Prix one very
enchanting automobile to buy or lease.
And maokes owning one a love affair. .. GM
that never seems to end. —

THE 1979 PONTIACS VOUII BEST GET BETTER
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SCIENCE AND THE CITIZEN

The World According to GARP

description of the earth’s atmo-
sphere as a single physical sys-
tem has long been sought by
those who attempt to penetrate the
mysteries of weather and climate. In
the early 1960's the United Nations’
World Meteorological Organization es-
tablished the World Weather Watch, a
global system for the collection, proc-
essing and dissemination of meteorolog-
ical data. A short time later the World
Meteorological Organization joined the
International Council of Scientific Un-
ions in launching the Global Atmo-
spheric Research Program (GARP), a
project aimed at extending the range of
weather-prediction systems and obtain-
ing a better understanding of the physi-
cal basis of climate. This year a decade
of successful international cooperation
in GARP culminates in what may be the
most extensive international scientific
undertaking in history: more than 140
nations are participating in the Global
Weather Experiment, which seeks to
determine an optimum system for the
observation and prediction of world
weather.

On December 1 of last year the Glob-
al Weather Experiment began an inten-
sive monitoring of the earth’s atmo-
sphere and oceans that is expected to
yield the most complete record of global
weather ever assembled. This unprece-
dented data-collecting operation, touch-
ing on a vast array of meteorological
phenomena, will continue for one year.
More than 40,000 daily weather obser-
vations are provided by the surface and
upper-air systems of the World Weath-
er Watch, which include 3,400 land
stations. 800 upper-air stations, nine
weather ships, more than 7,000 mer-
chant ships and 1,000 commercial air-
craft. Data on the expanses not account-
ed for by the World Weather Watch
observations are provided by five geo-
synchronous (“stationary”’) weather sat-
ellites, several polar-orbiting weather
satellites, more than 50 research ships,
some 100 aircraft and 300 high-altitude
weather balloons. In addition some 300
specially equipped drifting buoys have
been deployed across the oceans of the
Southern Hemisphere, where until now
there has been little meteorological
monitoring.

Another area for which weather data
are sparse is the Tropics: the broad belt
around the Equator that absorbs much
of the sun’s energy and generates much
of the world’s weather. (A large fraction
of the solar energy that reaches the earth
is first stored in tropical clouds and later
dispersed by high-altitude winds.) The
Tropics are the subject of two special
observation periods, chosen to coincide

with the winter and summer monsoon
seasons: from January 5 through March
5 and from May 1 through June 30.
Among the variety of additional obser-
vations made during those periods the
measurement of tropical winds plays a
particularly important part.

When the Global Weather Experi-
ment ends on November 30 of this year,
the mass of collected data will be sent to
processing centers in a number of coun-
tries. Larger research facilities in the
US,, the US.S.R., Britain and Sweden
will undertake the final refinement of
the data, applying powerful computers
to generate the first comprehensive his-
tory of an annual cycle of world weath-
er. With this unique record it should be
possible to construct (and validate) new,
highly realistic models of atmospher-
ic circulation. These models should
serve to indicate, among other things,
the theoretical limits of weather predic-
tion. It is hoped that with an improved
theoretical and practical understanding
of the global weather system it will be
possible to develop systems for weath-
er observation and forecasting that at-
tain those limits.

The analysis of the data collected in
the course of the Global Weather Ex-
periment will almost certainly continue
far into the future. As demands on the
earth’s natural resources mount, an un-
derstanding of the natural (and unnatu-
ral) fluctuations of weather and climate
becomes increasingly important. A con-
ference will be held this month in Gene-
va to lay the plans for the World Cli-
mate Program: an international project
that seeks to answer a wide range of
questions about man and his climate by
the year 2000. It seems likely that this
project and others similar to it will con-
tinue to exploit the results of the Global
Weather Experiment for many years.

The Other Energy Crisis

In the poorer nations of the world as
much as 86 percent of the wood con-
sumed annually is burned as fuel. Rural
people in particular are almost totally
dependent on wood and such other non-
commercial fuels as animal dung and
crop residues. The pressure on wood
supplies as a result of increasing popula-
tion in those countries is giving rise to
what has been termed ‘“‘the other energy
crisis,” which may last longer and be
more difficult to overcome than the one
associated with the increase in the cost
of petroleum. The wood crisis is dis-
cussed in Unasylva, a journal of forestry
published by the Food and Agriculture
Organization of the United Nations, by
J. E. M. Arnold of the FAO Forestry
Department and Jules Jongma, a Dutch
forest economist.
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With the caution that most of the data
on the consumption of wood as fuel are
estimates, since most of the gathering
and burning of wood takes place outside
of commercial channels, the authors put
the annual use of wood for fuel at 1.2
billion cubic meters in the developing
countries and 150 million in the devel-
oped countries. “Wood fuels account
for two-thirds of all energy other than
human and animal energy used in Afri-
ca, for nearly one-third in Asia, for one-
fifth in Latin America and for 6 percent
in the Near East,” they write, where-
as in the developed countries the level
is .3 percent. In the developing coun-
tries “the major obstacle to the substi-
tution of other commercial fuels, even
in towns and cities, is quite simply that
people are too poor to buy the necessary
equipment to use them.”

The pressure on supplies of fuelwood
makes the crisis worse in several ways.
People have to go farther to obtain
wood. They burn more animal dung and
crop residues, which might otherwise be
employed in agriculture. (“The diver-
sion of dung from use in agriculture is
equivalent to burning food in order to
cook food.”) The decline in agricultural
output is likely to create pressure to en-
croach further on the forest for farm-
land. The human effort required to gath-
er fuelwood may create a shortage of
agricultural labor.

Arnold and Jongma conclude that
wood is likely to be the principal source
of energy in the developingcountries for
the foreseeable future, since the poor-
er people are unable to afford anything
else. Focusing therefore on what can be
done to stretch the supply of wood, they
find “a number of options.” One is to
burn wood more efficiently through sim-
ple improvements in the preparation of
wood and in the design of cooking pots
and stoves. Another is to convert more
wood into charcoal, which not only is
easier to transport but also can be
“based on the large volumes of wood of
other than commercial timber species
which are otherwise destroyed in land
clearing...or which are left unused in
tropical forests after logging.” A third
option is to develop fuelwood planta-
tions. Since such plantations require
mainly land, labor and time, they “may
enable poor rural populations to gener-
ate fuel supplies at an acceptably low
cash cost.”

Communication by Packet

Arelatively little-known communica-
tions technology has revolutionized
the transmission, exchange and sharing
of data over the past 15 years, according
to an issue on the subject published by
Proceedings of the Institute of Electrical
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“The Physicist’s
Fire'( =

No. 4,069,808

Hot, even, slow-burning, easy to start,
is how TIME described the simple, elegant
fire designed by research physicist Lawrence
Cranberg. (Science Section, Dec. 22, 1975).

Place logs on the patented Texas Fire-
frame® grate to form a slot-shaped cavity
that faces you. Ignite paper in the cavity.

Eureka! The fire takes hold quickly, burns
evenly, steadily in the cavity. That means
the cavity throws a beam of radiant energy at
you, so the fire is hot but fuel-efficient.

Texas Fireframe’s height-adjustable arms
give you easy set-up and a new option for
control of the fire. The arms lock by friction.

From Scientific American
(August, 1978, pp. 142-146)

“Cranberg’s conception of the radiation
pattern from his log holder is correct . . .
little of the radiated heat was lost upward to
the overhang or the chimney . . . nearly all
of it must have been coming out into the
room.”

“The burning was slower with this ar-
rangement, and flames . . . were uniform
across the length of the slot (cavity) and
required no rotation or stirring of the logs.”

From Texas Fireframe Mail

“Your Fireframe performs very well in-
deed. It easily held the first floor of our house
at 70°F—with 20° outside—with no help
from the central heating system,” Carl M.
Zvanut, Paoli, Pa.

It is easy to rebuild the fireslot while the
fire is going.” R. D. Keith, Olympia, Wa.

“The greatest thing since the invention of
fire,” D. D. Walsh, Madison, Ct.

“I am especially amazed at how rapidly
the fire catches and disperses without kin-
dling.” J. D. Barrier, Universal City, Tx.

A gift that brings warmth and delight.

Fully assembled, no fasteners, 1"-deep steel bars, all-

welded construction. Model U-25: 25" front width, 21" back

width, 15" high, 15" deep. Model S-25: 25"x21x15x13.

Model U-17: 17"x13x13x13. Model U-33: 33"x29x15x15.
Simple, copyrighted instructions.

Please send

U-25 units @ $39.95 (28 Ibs.)
— S-25 units @ $39.95 (26 Ibs)
———— U-17 units @ $34.95 (20 Ibs.)
U-33 units @ $54.95 (34 Ibs.)

Add 10% for shipping in US. Check for $ enclosed.

Name

Address

Cty — State Zip
TEXAS FIREFRAME CO.

P.O. Box 3435 Austin, Texas 78764
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and Electronics Engineers. Called packet
switching, the technology enables the
units in a communications system (such
as the central processing unit, the mem-
ories, the data channels and the termi-
nals of a computer system) to ‘“talk”
with one another without the need of
direct or circuit-switched transmission
lines running between all units. Instead
the units are connected in a network
configuration, so that there are numer-
ous indirect pathways linking any two
of them.

The packet-switching system divides
a message into packets, or small se-
quences, of data and separately moves
each packet to a common destination.
Each packet, however, may reach the
destination by a different route. The key
feature of the packet-switching network
is that such routes are not predeter-
mined. The system as a whole selects the
route as the trip is being made on the
basis of up-to-date data-traffic condi-
tions. It is as if a human driver set out for
a particular destination with no specific
route in mind, preferring instead to de-
cide at each intersection what road to
take on the basis of the current traffic
conditions.

In communications there have always
been two competing approaches to con-
structing transmission pathways: preal-
location and dynamic allocation. The
telephone system and commercial radio
fall in the category of preallocation. The
telephone network is a circuit-switched
system, where a fixed transmission line
is preallocated for the duration of each
call. Commercial radio involves the per-
manent preallocation of a band of wave-
lengths for each station. The mail sys-
tem, on the other hand, falls in the
category of dynamic allocation. The
exact path a letter takes from its source
to its destination is not determined
in advance; rather, routing decisions
are made along the way. Hence packet
switching is not a new invention in com-
munications but a sophisticated exten-
sion of a system that postal services
have used for more than a century.

The packet-switching network is ideal
for a large number of units, each of
which makes a relatively small demand
on the system but needs access to all of
it. Under such circumstances the pack-
et-switching network is much more ef-
ficient than preallocation systems, in
which individual transmission lines are
idle except for occasional moments of
preallocated use. Because a decision on
where to send the packet next must be
made at each node, or intersection, in
the network, microprocessors (or micro-
computers) that can make such deci-
sions must be stationed there. Hence
packet-switching systems reduce trans-
mission-line waste by increasing proc-
essing power. In 1969 the cost of dy-
namic-allocation microprocessors fell
below the cost of preallocation trans-
mission lines for many applications, and

© 1979 SCIENTIFIC AMERICAN, INC

so the development of packet-switching
systems was accelerated.

Modern packet-switching systems
that communicate data to and from
computers were developed first for mil-
itary applications. In the 1960’s the
Advanced Research Projects Agency
(ARPA) of the Department of Defense
built ARPANET, the first packet-
switching computer system that linked
more than 100 pieces of equipment. A
microprocessor located at each node in
the network took blocks of data from
the equipment connected to it, divided
the data into 128-byte packets and add-
ed to each packet the address of its desti-
nation. On the basis of a constantly up-
dated traffic report the microprocessor
sent the packet toward its destination
over the least congested route. Whenev-
er the packet reached a node, the micro-
processor there received it, sent a mes-
sage back to the source acknowledging
receipt and rerouted the package ac-
cording to the current traffic conditions.

ARPANET demonstrated successful-
ly that a packet-switching network
could make the resources of each unit
(memories, terminals and so on) avail-
able to every other unit. The success
of ARPANET prompted Government
agencies, businesses and laboratories to
establish packet-switching networks to
connect computer resources. Plans are
now afoot to extend packet-switching
techniques to both radio and satellite
communications. The basic idea of
packet radio is to have many stations,
each of which transmits only in short
bursts, share one relatively broad band
of wavelengths. By dynamically allocat-
ing channel space in this way none is
wasted. If broadcast-communications
satellites are incorporated into packet-
switching systems, then geographically
remote units can all be linked togeth-
er through a common network. This
means, for example, that an isolated re-
search center could have access to the
most sophisticated computers at a con-
siderable distance without transmission
lines lying idle when access was not
needed.

Missing Link

heat supplies most of the starch

and protein in the human diet. It
has therefore been the subject of inten-
sive genetic manipulation with the goal
of increasing its yield, its nutritional val-
ue and its resistance to drought and dis-
ease. A major approach has been hy-
bridization: crossing two species of
wheat in the hope that the offspring will
possess more desirable qualities than ei-
ther parent. Now Moshe Feldman of the
Weizmann Institute of Science in Israel
has identified a new wheat species that
appears to be the “missing link” in the
evolution of all cultivated bread wheats.
Named Triticum searsii for Ernest R.
Sears of the University of Missouri, a



MISSION IMPOSSIBLE?
NOT FOR HUGHES.

The mission:

Build two different kinds of
spacecraft. To take two different
flight paths to Venus. And send
back to Earth a stream of new
information.

Orbiter arrives.

The first spaceship was Orbiter.
Crammed with a dozen scientific
instruments, it was launched last
May by NASA. 300-million miles
later, it arrived at Venus. But it’s still
traveling. It's now on a series of 243 one-day
elliptical orbits around the planet—studying its
atmosphere and mapping its terrain, close in
and far away.

Multiprobe arrives.

The second spaceship was Multiprobe.
Carrying 18 instruments, it was launched
in August by NASA on a more direct
220-million mile trip. At a point 7.8
million miles from Venus, it divided
into five fact-finding probes. And
then these probes, including the
parent “bus” that took them there, entered Venus’
atmosphere to explore five widely separated
planet areas. The informa-
tion they beamed back
about the planet’s
winds, clouds, and
atmosphere
will help clarify
the mystery of
how our own
weather operates
here on Earth.

A hostile neighbor.

The twin mission
was the most complex un-
manned space venture ever
undertaken. What made it still
tougher was the downright hostile nature
of our nearest planet neighbor,

as experienced firsthand by
Multiprobe.
920° hot. y
Venus has a
surface tempera-
ture of 920°F.—hot enough to melt tin
or lead. Its surface pressure is as crushing
as the ocean 3,000 feet deep. Its atmosphere is
almost pure carbon dioxide. And its dense clouds
aren’t innocent water. They're sulfuric acid.
Aluminum blankets.
But scientific ingenuity at Hughes took
up the challenges. For example, Multiprobe’s
fragile internal electronics were guarded
by blankets made of special aluminized plastic
sheets with great resistance to intense heat.
Titanium shells.
Special titanium shells proved £
to be ideal pressure vessels.
Light in weight, they still could
resist corrosion and 1,400 3
pounds of pressure per square inch.
A diamond window
Finally, our designers needed an unusual
window for an instrument that senses radiant
energy. Typical window materials weren’t rug-
ged enough. Sapphire windows used for other
probe instruments would block infrared wave-
lengths. Solution: a 13-carat diamond window
the size of two pennies stacked together. It
worked.

90 revealing minutes.

In 90 minutes, the twin mission managed
by NASA’s Ames Research Center told 115
scientific and technical investigators more
about Venus than astronomers have learned in
the five centuries since Galileo.

Mission impossible?
NASA didn't think so.
And neither did Hughes.

Creating a new world with electronics

e

"""" a

HUGHES

HUGHES AIRCRAFT COMPANY
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SUNSET/SUNRISE

Plenco helps Fisher Pierce
control the light...

Fisher Pierce photoelectric
outdoor lighting controls provide
approximately 13 years of
dependable street light control,
according to the manufacturer,
Fisher Pierce Division, Sigma
Instruments Inc., Braintree,
Mass., who says—

“Independent of time of day,
season or weather, the controls
switch on at the same evening
daylight value, off when morning
daylight returns. They're rated
for 5000 on-off operations on
loads of 1000 watts or 1800
volt-amperes’’

Our Plenco 308 Black phenolic
molding compound was specified
for molding the base of the 6841/
6842 models. The molder, EIm
Industries, Inc., West Springfield,
Mass., tells why:

70

“Your 308 compound offered
us high temperature capability,
low moisture absorption, high
rigidity, gooddimensional stability,
and economy, too—features
required by Fisher Pierce’’

Let Plenco help you throw a
little light on your own particular
molding problem. Dial (414)
458-2121 and you've got it—
Plenco selections, experience,
service.

PLENCO

THERMOSET PLASTICS

PLASTICS ENGINEERING COMPANY
Sheboygan, Wi 53081

Through Plenco research...a wide range of
ready-made or custom-formulated phenolic,
melamine-phenolic and alkyd thermoset
molding compounds, and industrial resins.
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pioneer in wheat genetics, the new spe-
cies represents an entirely untapped ge-
netic stock and promises to be a valu-
able source of new traits for improving
existing varieties of bread wheat.

Cultivated wheats are polyploid: they
have multiple sets of chromosomes de-
rived from two or more closely related
progenitor species. All bread wheats in
existence today incorporate three ge-
nomes, or complete sets of chromo-
somes, derived from three primitive
wheat species. The genomes are desig-
nated 4, B and D. Only the primitive
species carrying the 4 and the D genome
had been identified in the wild. The pro-
genitor plant bearing the B genome was
unknown, and most wheat geneticists
believed it had died out more than
10,000 years ago. T. searsii, the new spe-
cies identified by Feldman, appears to
be the carrier of the B genome.

Feldman’s work on T. searsii began in
the early 1960’s, when he was a graduate
student at Hebrew University in Jerusa-
lem. One day when he was passing an
empty lot near the campus, he noticed a
strange-looking wild wheat plant. He
tentatively identified it as a small-eared
variety of the common species T. longis-
simum and put it away for further study.
In 1972 he came across the atypical
plant again during a field trip and specu-
lated that it might be a previously un-
known species rather than a variety of 7.
longissimum.

In collaborating with a taxonomist,
Mordechai Kislev of Bar-Ilan Univer-
sity, Feldman compared the atypical
plant (later to be named T. searsii) with
T. longissimum and found enough struc-
tural differences to classify it as a sepa-
rate species. A karyotype analysis (an
examination of the number and shape of
the chromosomes) also demonstrated
the nonidentity of the two plants. Sur-
prisingly, however, the single set of
chromosomes in T. searsii proved to be
virtually identical with the B genome in
T. dicocoides (a wild wheat containing
both the 4 and the B genome) and in
cultivated bread wheats (which contain
the 4, B and D genomes). Biochemical
studies at the Weizmann Institute and at
other laboratories also supported the
identification of 7. searsii as the contrib-
utor of the B genome.

Many wheat cytogeneticists, recalling
their too-quick acceptance a few years
ago of the erroneous notion that 7.
speltoides was the donor of the B ge-
nome, are taking a “wait and see” atti-
tude. They want to know whether or not
the chromosomes of T. searsii will be
found to pair more readily with those
of genome B than with those of 4 or D.

The B genome is particularly signifi-
cant to wheat breeders because it con-
tains a deleterious gene that discourages
the pairing and exchange of chromoso-
mal segments if they do not have a pre-
cisely equivalent structure. The chro-



mosomes of different varieties of bread
wheat often differ slightly as a result of
evolutionary changes, so that the anti-
pairing trait has considerably compli-
cated the transfer of genetic information
by crossbreeding. Feldman is currently
searching for individuals of T. searsii in
which the antipairing trait is weakened
or absent. The discovery of such in-
dividuals would aid in the production
of new wheat species that are easier to
breed.

Feldman is also engaged in synthesiz-
ing a polyploid bread wheat from its
three primitive progenitors: T. monococ-
cum (the 4 genome donor), 7. searsii (the
presumed B genome donor) and T. tau-
schii (the D genome donor). He has al-
ready succeeded in obtaining hybrid
plants containing both the 4 and the B
genome and is crossing the AB plants
with the D donor. When the synthetic
wheat plant has been created, it will
serve as a bridge for the transfer of de-
sirable genetic information from vari-
ous strains of primitive wheat to existing
commercial varieties of bread wheat.

The Handmade Six-Gun

Acentral concept of mass production
is the interchangeability of parts,
and the historical paradigm of mass pro-
duction based on interchangeable parts
has long been held to be the manufac-
ture of the Coltrevolver in the middle of
the 19th century. It is apparently not so.
Robert A. Howard of the Hagley Muse-
um in Wilmington has looked at old rec-
ords and old revolvers and has shown
that the storied handguns of the Ameri-
can West and the Civil War were made
of “very similar parts but they were not
interchangeable.” His account of inter-
changeability in U.S. arms manufacture
is given in a recent issue of the journal
Technology and Culture.
Interchangeability, Howard points
out, was a function of both the need for
precision and the economic realities.
The muskets and the muzzle-loading ri-
fled muskets turned out by Government
armories required very little precision,
and the military market imposed no cost
imperatives; parts could be and were in-
terchanged. It was different for the pri-
vate sector of the arms industry, which
manufactured the revolvers. Making a
revolver is a tricky business; the element
of timing is introduced. For example,
the loaded chamber must be in absolute
alignment with the barrel during dis-
charge; the detent that locks the cham-
ber in alignment must engage during
discharge and no longer, or the chamber
will not rotate to present the next round.
The aim of the revolver manufactur-
ers was to make high-quality arms as
economically as possible. They made
extensive use of machinery (drop-forg-
ing, milling and grinding machines and
turret lathes, for example) to produce

THE INCOMPARABLE QUESTAR SEVEN

Here the Questar Seven is shown as
the overshadowing companion of its
world-famous predecessor—twice as
large and with double the performance:
a portable observatory with the same
superb mechanical and optical qualities
as the Questar 3%, putting every re-
finement of the observatory telescope at
your fingertips.

Would you believe that a fully-
mounted telescope with 7 inches of
aperture could be so completely porta-
ble? It can be set up whereveryou want it
in just the length of time it takes to lift
barrel and mounting from two matching
cases and join them together with a
knurled screw. It can be used on a table-
top, either in its altazimuth form or in its
polar equatorial position, achieved by
screwing three legs into place.

The Seven also has the famous Ques-
tar system of built-in conveniences:
low-power finder, high-power changes
without changing eyepieces, star
diagonal prism, synchronous electric
drive, setting circles, worm-driven
sidereal clock, and continuous 360°
smooth slow motions. All are included in
the price of the telescope, and included
too are the Questar totally safe solar
filter and basic camera coupling set.

The Questar Seven is photovisual, of
course, with four times the light grasp of
the Questar 3'2, and has the same easy
way of adding a 35-mm. camera to the
control box without disturbing the use of
the eyepiece.

The remarkable Questar drive im-
presses everyone who uses it. Hubert
Entrop, who takes beautiful deep-sky
photographs (a number of which we
have published here and in our recent
issue of QUESTAR OBSERVATIONS), fre-

QUESTAR, THE WORLD'S FINEST, MOST
VERSATILE TELESCOPE, IS DESCRIBED IN
OUR BOOKLET. SEND $2 TO COVER MAILING
COSTS ON THIS CONTINENT BY AIR TO
SOUTH AMERICA, $3.50; EUROPE AND NORTH
AFRICA, $4.00; ELSEWHERE $4.50. INQUIRE
ABOUT OUR EXTENDED PAYMENT PLAN.
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quently comments on the quality of the
drive. He has written us: “The motor
drive on the Seven works very smoothly
and quite precisely, even though the
guiding is being done at twice the focal
length of the 3%2."

Another time, when sending us some
pictures, he said, “The Seven base drive
is so smooth that the shutter in the off-
axis guider was not used even once for
all four of these exposures.” And again,
"With the Seven there is never any prob-
lem in guiding; it no doubt has the best
motor drive of any scope outside of ob-
servatory equipment.”

These comments come from an ob-
server who is using his equipment in all
sorts of difficult terrain, on mountains, in
the desert, and often under the most ad-
verse weather conditions. In this regard
he once wrote us that pictures he was
sending to us were taken in winds gust-
ing to 40 m.p.h. He concluded, "So these
results are a tribute not only to the optics
but also to the Questar design and drive
mechanism.”

You might well ask what an amateur
astronomer like you can do with a tele-
scope so fine that it is in constant de-
mand as a component of costly tracking
instruments requiring the utmost in me-
chanical accuracy and superb resolu-
tion. The plain fact is, you can see more!
You can see more detail on the moon
and planets, photograph the ‘'rice
grains” on the sun’s surface, capture the
fascination of deep-sky objects on film,
and use it terrestrially, for the sharp def-
inition of any distant object. There are
no frustrations with Questar’s dif-
fraction-limited optics nor with its me-
chanical components. They are as fine
as the hand of man can make them.

© Questar Corporation 1978

QUESTAR

Box 20 1Q, New Hope, PA 18938
Phone (215) 862-5277
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YOU EVER READ! Ganola L1671

Canola LC1014
Canola LC815T

No kidding. Speakerlab'’s catalog took longer
to write than some of our competitors have
been in business. In fact, we created an industry

.- 1| Garden Camera
CALCULATORS

by "building great kits so you can afford great
speakers.” Our catalog is an invaluable
TN manual of speaker function
and design. And, it will
f‘!ﬁ\' introduce you to the finest
S speaker kits made

master charge Call forlow prices
on Nikon, Minolta,
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Cameras
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change without notice
Speed your order

TOLL FREE!

Call 1 (800) 223-5830

Or Send postage and handling to
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New York, Alaska & Hawall Call:
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anywhere...with the
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guarantee. Find out for
yourself...FREE. FREE,
that is. Mail the coupon now.
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i, SCULPTURES

MINI DAVID
1969

impossible to appreciate the unique combination of values in his sculpture—

eauty, tactile pleasure, humor and the intellectual stimulation of a three-
nsional combinatorial puult-unnl one has taken a Berrocal apart and put it
back together several times, Martin Gardner, Sefentific American (January, 1978)

“Like Picasso and Dali before him, he is...a dazzling technician

| ) imoderately gift-
(.| PSR they are handsome works of art, rich in double-entendres...

* TIME Magazine

Our free color brochure also describes many other Berrocal sculptures.

CENTICORE ARTS, INTERNATIONAL

336 Maynard Street, Dept. 11 e Ann Arbor, Michigan 48104 ¢ (313) 663-1812
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parts that were respectably similar but
not similar enough to be interchange-
able. Full interchangeability was too ex-
pensive. The standard practice was to
depend on “fitting”: choosing from the
supply of parts to be mated two that
fitted well together and reducing the size
of a part that was too large by filing.
Fitting, according to Howard, “required
greater skill in one operation but result-
ed in lower overall costs.”

Samuel Colt did not invent the me-
chanical revolver (a revolver whose
chamber was rotated by the action of
the hammer), but the one he patented in
1836 was the first to be manufactured
in large quantities; by the beginning of
the Civil War he had produced some
300,000, far more than all the other
manufacturers combined. If anyone had
attained interchangeability by 1860, the
year whose output Howard examined in
detail, it should have been Colt. More-
over, the effervescent Colt repeatedly
made such assertions as: “The separate
parts travel independently through the
manufactory [and are] assembled, from
promiscuous heaps, and formed into
fire-arms, requiring only the polishing
and fitting demanded for ornament.”
Howard asked a number of small-arms
experts to examine their collections of
Coltrevolvers and other revolvers of the
period. The revolvers were disassem-
bled and the attempt was made to as-
semble functioning weapons from parts
chosen at random. It could not be done;
the parts were not interchangeable.

Even today revolver parts are not in-
terchangeable. Howard checked with
Colt and with Smith & Wesson, which is
now the major manufacturer of revolv-
ers. A Colt.spokesman said: “All the
guns require . . . varying degrees of hand
fitting.” The man at Smith & Wesson
replied that “the use of totally inter-
changeable parts...has never been to-
tally accomplished.”

Computer on the Don

or some time scholars have con-
ducted statistical studies of literary
works, a task for which large computers
are notably well suited. A topical case in
point is presented in the journal Comput-
ers and the Humanities by Geir Kjetsaa,
professor of Russian literature at the
University of Oslo. He describes how
textual analysis by computer may have
helped to solve a long-standing question
about the authorship of The Quiet Don, a
classic of modern Russian literature.
An epic four-volume work dealing
with the Don Cossacks before and after
the Russian Revolution, The Quiet Don
is the most widely read novel in the
U.S.S.R. Ever since Mikhail Sholokhov
first published parts of the novel in a
Moscow periodical in 1928, however,
there have been persistent rumors that
he plagiarized much of the book. Such



That Sinclair TV shown above is small-the
smallest TV in the world.

And when it was first introduced last year, it
made history. So did its high price —$395.

Our company never sold the unit for two
reasons: 1) It was being promoted as a pocket
TV and we felt it would not fit in most pockets
and 2) We felt $395 was too high a price for the
unit regardless of its quality, size and features.

But we were wrong. Thousands of them
were sold and it was selected as one of the
most exciting new products of the year.

WE BOUGHT ONE

A few months ago we purchased a Sinclair
TV and discovered another feature we didn’'t
like. The unit included a 220-volt converter for
European operation. This meant that every
American who bought the set had to pay extra
for the converter even though very few
Americans would be taking their TV to Europe.

So we came up with an idea. We went to
England and purchased thousands of sets
directly from the factory without the converter.
We were also able to save money by elimina-
ting the normal mark ups by importers, whole-
salers and distributors.

We can now offer you the unit for only
$249.95 and if you want the 220-volt converter,
your cost is only $19.95 extra.

LESS THAN WHOLESALE

JS&A would be offering the exact same
Sinclair TV at a price less than Sinclair’s actual
wholesale price in the United States and we
would still make enough profit to pay for the
cost of this advertisement.

There is one feature we liked very much
about the set. Its rechargeable batteries are
built into the unit. Larger portable TV's offer
$60 optional rechargeable battery packs that
must be purchased separately. Ours is built in
and included in the price.

The Sinclair TV comes complete with an
American AC adapter and charger, ear
phones, carrying case, rechargeable batteries
and a built-in antenna for both VHF and UHF. It

JS&A's new program will save consumers millions.
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Micro TV
‘Breakthrough

MISSING ADAPTER

Remember the $400 Sinclair Micro TV? Here’s the
story on the greatest TV value ever.

also comes with a cigarette lighter power
converter, so you can watch all your favorite
TV channels from your boat, plane, motor
home or car without even using your batteries.

PHOTOGRAPHIC QUALITY

We were well aware of Sinclair's advanced
electronics and quality features. But what we
found particularly exciting was its picture tube.
Even though the 2" (measured diagonally)
tube is small, the TV’s resolution resembles
that of a clear sharp photograph. You can even
read small telephone numbers when they're
flashed on the screen.

The Sinclair unit is offered in this advertise-
ment with the same accessories available in
the $395 system with the exception of the
220-volt power converter.

The Sinclair is also convenient. You can
take it on trips and entertain your children
while you fly or drive. You can keep it on your
desk at work and monitor the latest news or
stock market reports. And you can view the
soap operas as you work around the house.
We even took ours to the ball game to watch
those instant replays.

BIG POCKETS

But don't expect to carry it in your pocket—it
won't fit unless you have big pockets. The unit
measures 1%" x 4" x 6%4" and weighs just 28
ounces which includes the built-in batteries.
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The TV is serviced in the United States by
Sinclair's service-by-mail facility. If service is
ever required during its one-year limited war-
ranty, just slip it in its handy mailer and send it
to them for repair. Your solid-state unit should
operate for years without a problem, but if it
ever needs repair, it's good to know that ser-
vice is an important part of our program.

For $249.95, the Sinclair Micro TV is worth
your test. Order one from JS&A. Take it with
you on a trip, bring it to your office, or carry it
with you around the house. See how clear and
sharp the picture is and how closely it resem-
bles a black and white photograph. Then
decide if you want to keep it. If not, no problem.
Simply return your TV within 30 days for a
prompt and courteous refund. We just want
you to prove to yourself, the miracle of space-
age electronics before you decide.

AMERICA’S LARGEST

Sinclair Radionics is one of England's
largest electronics manufacturers and JS&A is
America’s largest single source of space-age
products —further assurance that your modest
investment is well protected even though the
unit is offered at such a bargain price.

To order your Sinclair Micro TV, simply send
your check for $249.95 plus $3.00 postage
and handling (lllinois residents, please add 5%
sales tax) to the address shown below or credit
card buyers may call our toll-free number
below. But please act quickly.

The Sinclair TV is an outstanding product
that was priced too high. If you felt like we did
and you waited, your timing is perfect. Order a
Sinclair Micro TV at no obligation, today.

S) INPRODUCTS
®) THAT
e WMTHINK
Dept.SA One JS&A Plaza
Northbrook, Ill. 60062 (312) 564-7000
Call TOLL-FREE 800 323-6400

In lllinois Call (312) 564-7000
©JS&A Group, Inc.,1979
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speculation continued even after Sho-
lokhov received the Nobel prize for lit-
erature in 1965.

In 1974 the rumors were given more
substance when an anonymous Russian
critic published a study in Paris main-
taining that the real author of The Quiet
Don was the nearly forgotten Cossack
writer Fyodor Kryukov. Kryukov had
served in the Don army during the Cos-
sack uprising against the Communists
and died of typhus during the retreat of
1920. According to witnesses, before his
death Kryukov had been working on a
major novel dealing with the Don Cos-
sacks. The Russian critic accused Sho-
lokhov of somehow obtaining Kryu-
kov’s manuscript, rewriting about 5 per-
cent of the first two volumes and 30
percent of the second two volumes (in
order to overshadow the Cossack na-
tionalism of the original manuscript
with pro-Communist views) and pub-
lishing it as his own work.

This hypothesis predicted that the lan-
guage and style of Kryukov’s authenti-
cated writings should have more in com-
mon with that of The Quiet Don than
Sholokhov’s authenticated writings do.
Kjetsaa and some Swedish and Norwe-
gian co-workers set about testing the
prediction by utilizing an IBM 370/155
computer at the University of Uppsala

to compare the linguistic and stylistic
features of the novel with undisputed
texts by Kryukov and Sholokhov. Tex-
tual analysis cannot prove definitively
that a work is by a particular author,
since the possibility remains that it
might have been writien by another per-
son with the same stylistic traits. It can,
however, exclude the possibility of au-
thorship, much as a blood test can clear
a man of the suspicion of paternity even
though it cannot prove he is the real fa-
ther of the child.

Kjetsaa and his colleagues analyzed
passages in the original Russian from
the novel and from representative texts
by both authors. Paragraphs containing
direct speech or a character’s thoughts
were omitted in order to concentrate
on the author’s distinctive “voice.” The
study measured sentence length and the
distribution and combination of parts of
speech at the beginning and end of sen-
tences. Since style is a complex phenom-
enon, however, analysis of vocabulary
structure was also necessary to arrive at
an unequivocal conclusion.

The type-token ratio, a parameter
that reflects the size of the vocabulary
employed by the author, was deter-
mined for each text. Computer analysis
showed that Sholokhov’s undisputed
text had the richest vocabulary (with a

type-token ratio of .656), closely fol-
lowed by The Quiet Don (.646). Kryu-
kov’s text (.589) fell markedly behind,
because it had significantly more repeat-
ed words.

Another linguistic parameter em-
ployed in the analysis was the lexical
spectrum: the frequency with which cer-
tain words appear in a text. Here again
Sholokhov was closer to the novel than
Kryukov: the 20 commonest Russian
words amounted to 22.8 percent of Sho-
lokhov’s text, 23.3 percent of The Quiet
Don and 26.2 percent of Kryukov’s text.
Even more striking differences were
seen in the number of words appearing
only once in the text, which occupied
80.9 percent of the vocabulary in Sho-
lokhov’s text, 81.9 percent of the vo-
cabulary in The Quiet Don and only
76.9 percent in Kryukov’s text.

Assuming that the sampled texts are
representative of the two writers, the
results of the analysis clearly exclude
Kryukov as the possible author of the
novel. Although the findings cannot
prove that Sholokhov did write the
book, Kjetsaa concludes: “All the pa-
rameters investigated showed a uniform
tendency, viz. that Kryukov is markedly
dissimilar from Sholokhov in his writ-
ing, and that Sholokhov writes remark-
ably like the author of The Quiet Don.”
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When you travel

as far as
the high Andes,

you stay for 3000 years.

NOVA travels to the isolated mountain
world of the Qeros Indians...

where time has stood still for three thousand
years ... where the seeming simplicity of

their lives conceals a complex pattern of sur-
vival. Watch NOVA'’s Patterns from the Past.

Past. Present.

Future.

This month, NOVA looks at
the ancient world of Peru’s
Q’eros Indians ... the man-
made wilds of the new super-
zoos, where endangered species
are getting a second chance....
plus two important programs
on possible solutions to the
world’s devastating energy
shortage.

NOVA takes you to worlds
you've never seen.

Series of Surprises

Exciting journeys to unusual
places. Rare encounters with
fascinating people. Meetings
with remarkable ideas.

Take NOVA to a new world
every week.

NOVA

Thursday, February 8
at 8:00 pm*

“ Check local listings m

A COMPANY CALLED

TRW

NOVA is made possible in part by a grant from TRW.
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Silviculture

The management of a forest by such techniques as the selective

harvesting of trees, prudent thinning and planned reforestation

can double and perhaps even triple the productivity of the forest

ust as agriculture is the cultivation

of fields, so silviculture (from the

Latin silva or sylva, meaning forest)

is the cultivation of forests. The for-
mer is far more widely practiced than
the latter. If the forests of the world are
to be counted among the world’s renew-
able resources, however, silviculture
will have to be much more widely and
intensively practiced than it is now. The
rewards could be substantial. Allowing
for the realities of ecology, economics
and politics, one can still calculate that
the application of demonstrated silvi-
cultural principles could double and
possibly triple the productivity of the
commercial forests in the U.S. within 50
years.

The land area of the world amounts to
some 13.3 billion hectares, or 32.8 bil-
lion acres. (A hectare is 2.47 acres.)
About a third of the area, or 4.1 billion
hectares, is classified by the Food and
Agriculture Organization of the United
Nations as being forestland. Most of the
major regions, except for Asia and the
Pacific, have at least a fourth of their
land under forest; in North America,
South America and the U.S.S.R. the to-
tal is more than a third. In the U.S. 305
million hectares (a third of the land
area) is classified as forestland. Some
202 million of those hectares can be
characterized as commercial timber-
land under the definition established by
the U.S. Forest Service: land capable of
growing at least 1.4 cubic meters of tim-
ber per hectare per year (20 cubic feet
per acre) and not legally withdrawn
from timber harvesting, as the wilder-
ness areas designated by Congress are.
The fact that a given area is classified as
commercial timberland does not neces-
sarily mean that timber is harvested on
it or even that it has a stock of trees, only
that it is capable of producing wood at
the defined rate.

Another standard employed by the
Forest Service defines wood as the mer-
chantable boles, or trunks, of forest
trees that are at least five inches (12.7
centimeters) in diameter at a height of
4.5 feet (1.37 meters) above the ground;
the definition includes all wood above a
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one-foot stump and extending upward
to the point where the trunk becomes
less than four inches in diameter. By
this definition about half of the total
biomass produced by a forest is usable
wood. One should bear in mind that the
forest has many other values, most of
which cannot be priced. The respiratory
processes of forest trees, taken together,
play a major role in removing carbon
dioxide from the atmosphere and dis-
charging oxygen into it. Forests are the
principal source of fresh water, since
they occupy most of the land area of the
world that is not frozen and where pre-
cipitation exceeds evaporation. Forests
everywhere are an important source of
browse for both livestock and wildlife.
Theyalsoprovidemuchspaceand oppor-
tunity for human recreational activity.

Types of Forest

One tends to think of a forest as
consisting of a variety of trees that
have established themselves through the
more or less random effects of natural
forces. Actually a forest is more likely
to consist of a fairly limited variety of
trees, mainly because the conditions of
temperature, rainfall and sunlight are
favorable for certain species and unfa-
vorable for others. Where human man-
agers have taken a strong hand, a forest
may consist of a single species of tree.

Because of environmental effects it
is possible to classify the major forest
types of the world into a fairly small
number of groups. The forests of the
high-latitude regions of the Northern
Hemisphere known as boreal forest are
dominated by stands of such conifers
(needle-leaved trees, or softwoods) as
spruce, fir and larch. In the middle lati-
tudes of the Northern Hemisphere the
forests tend to consist both of coni-
fers such as pine and Douglas fir and
of broad-leaved deciduous trees (hard-
woods), notably oak, beech and maple.
Close to the Equator one finds the tropi-
cal rain forests, dominated by broad-
leaved evergreen trees (a wide variety of
species) that are adapted to hot and hu-
mid conditions.
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In the U.S. the Great Plains divide the
predominantly coniferous forests of the
West from the mixed coniferous and
broad-leaved forests of the East. Along
the Pacific Coast, Sitka spruce, western
hemlock, Douglas fir and, in northern
California, redwood are the principal
tree species. Inland to the crest of the
Cascades and the Sierra Nevada, Doug-
las fir is the most abundant, with cedar,
true fir, hemlock and other conifers
growing in various mixtures depending
on soil, elevation and precipitation.

From the east-facing slopes of these
mountains eastward at higher elevations
in the Rocky Mountains ponderosa pine
occupies the lower and drier slopes, with
lodgepole pine growing on cooler and
wetter heights and Douglas fir, Engel-
mann spruce and true fir forming the
highest continuous forest. In the north-
ern Rocky Mountains near the Canadi-
an border western white pine and west-
ern larch are locally important. In the
Southwest pifion and juniper constitute
widespread low-elevation scrub wood-
land between the ponderosa-pine region
and the desert.

In the East a mixed hardwood forest is
found everywhere (characterized by oak
and hickory mixed with other broad-
leaved trees) except in the northern tier
of states, where maple, beech and birch
constitute the Northern hardwood for-
est. In the drier sandy and rocky areas,
however, pines grow well, particularly
in the broad belt of the coastal plain and
the Piedmont region extending from
Virginia to Texas, where pines (loblolly,
shortleaf, slash and longleaf) make up
the Southern pine forest, the most eco-
nomically important forest in the East.
In the Northern states other pines
(white, red and jack) are locally impor-
tant. The same is true in the lake states
and northern New England of species
that extend out from the Canadian bo-
real forest: spruce, fir, aspen and birch.
In the Southeast bottomland forests of
gum, bald cypress and oak are charac-
teristic.

The experience of people living in in-
dustrialized countries does not suggest
that nearly half of the wood felled in the



MAN-MADE FOREST in New Zealand is managed by the New
Zealand Forest Service. It is Kaingaroa State Forest, near Rotorua.
Planted some 40 years ago on approximately 300,000 acres of open
land, it is one of the largest man-made forests in the world. The major

SILVICULTURAL MANAGEMENT is evident in this forest near
Umtali, Rhodesia, operated by the Rhodesia Forestry Commission.
The trees are pines (Pinus patula) that were originally planted at a
fairly heavy density of 680 trees per acre. They were pruned at the

-

species that was planted in it is the Monterey pine (Pinus radiata),
which occurs naturally only in California. The trees are harvested at
between 20 and 30 years of age for a variety of uses. The recently
clear-cut area at the left center is scheduled to be replanted soon.

ages of four and five years and thinned at the age of four years, which
was about two years before the photograph was made. Additional
thinnings will be made at ages 12, 18 and 25 years. The trees will be
harvested, mainly for timber, when they are from 30 to 35 years old.
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PINE SEEDLINGS are grown in a nursery in Thailand for trans-
plantation into a forest. The seedlings are Pinus kesiya pines, a species
native to Thailand. They are being grown as part of a program admin-
istered by the Royal Forest Department to develop large forest plan-

EFFECT OF INTENSIVE SILVICULTURE is apparent in these
cross sections of two western hemlocks (7suga heterophylla). The trees
were approximately 20 years old at the time of cutting. For all but
three years they received little attention; then the stand was thinned
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tations on agricultural land that has been abandoned and on forest-
land that has been cut over. Age of the seedlings is about six months,
meaning that they are almost ready for planting. The government’s
silvicultural objective is managed forests that will yield pulpwood.

and fertilizer (urea) was applied by hand. The resulting rapid increase
in growth is shown by the three outer rings. The trees grew in the state
of Washington in a naturally seeded wild stand. The mark in the cross
section at the right was caused by a branch that grew at that point.
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world is consumed as fuel, but that is the
case. Of the total wood harvest of slight-
ly more than two billion cubic meters
per year, 990 million goes for fuel; the
rest is put to use in industry. At pres-
ent wood serves as fuel mainly in the
less ind ustrialized countries, where it is
burned directly. It is quite possible that
the industrialized countries will turn in-
creasingly to wood as fuel, not so much
by burning it directly as by making more
use of bark and industrial by-products
and by converting wood or wood resi-
dues into methanol, gas and charcoal.

In industry wood serves not only as a
source of structural products (lumber,
plywood, particleboard, flakeboard, fi-
berboard, insulating board) and fiber
(the basis of paper, cardboard and many
other pulp products) but also as a source
of extractive materials (oils, tannin, na-
val stores, drugs) and chemicals (sugars,
alcohols, phenols). In the U.S. about 63
percent of the 250 million tons (226 mil-
lion metric tons) of raw wood processed
annually by the forest-products indus-
tries goes into primary structural mate-
rials and 35 percent into fiber-based
products. The Forest Service has pre-
dicted that demand in the year 2000 will
be double what it was in 1970, with
about half of it going into structural
products and 46 percent into fiber-based
products.

Forest Management

All forests are affected to some degree
by human actions. In the broadest sense
all such effects could be termed forest
management. Even in the national wil-
derness areas of the U.S., where cutting,
road construction and the use of motor-
ized vehicles are prohibited by law, hu-
man activity touches the forest in many
ways. The global burning of fossil fuels
increases the amount of carbon dioxide
in the air. People introduce exotic plants
and animals to the region and change
the balance of wildlife by killing preda-
tors. Even inactivity can influence the
forest, as when a decision is made not to
fight a particular forest fire or not to deal
with a particular epidemic caused by in-
sects or disease.

Until about 1950 the history of the
American forest had been largely one of
exploitation, that is, the forest had been
treated as a nonrenewable resource. The
American Indian used fire to drive game
into the range of his bow and arrow. The
European colonist depended on the for-
est for fuel and lumber but at the same
time cleared much of the eastern U.S.
for farmland. The land that was too in-
fertile or too steep and rocky for farm-
ing was logged repeatedly for lumber
and for fuel to heat homes, smelt iron
and run locomotives. Only with the
opening of the coal deposits in the Ap-
palachians did coal supplant wood as
the basic source of energy. By then,
however, little of the precolonial forest
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FOREST PRODUCTION in the U.S. as achieved in 1952, 1962 and 1970 and as projected by
the U.S. Forest Service for 1985 and 2000 is compared with potential growth, which is what
would occur if all commercial forestland were fully covered with trees and the forests were
managed by such conventional extensive silvicultural techniques as systematic harvesting and

thinning of trees. Chart shows coniferous trees,

remained in the East. Today it has virtu-
ally disappeared except for remnants
that are protected in state parks and oth-
er reserves. About 15 million acres (5
percent) of the 359 million classified as
commercial forestland in the East (east
of the Great Plains) do not have enough
trees to be regarded as forest.

As the West was opened early in the
19th century many Eastern farms were
abandoned. The unused fields and pas-
tures seeded into pines and other pio-
neer tree species, giving rise to a second
forest that reached commercial size ear-
ly in this century. Hardwoods that had
seeded in under the conifers took over
when the conifers were harvested. As
time passed shade-tolerant hardwoods
gradually crowded out the less tolerant
species, thereby continuously changing
the composition of the forest. Many var-
iations of this old-field succession have
resulted from infinite combinations of
climate, site and the forest’s history of
fire, wind, logging and seed years (the
intermittent times, usually about every
third, fourth or fifth year, when this or
that resident species of tree puts out a
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or softwoods (gray), and hardwood trees (color).

large number of seeds). As a result of
these ecological forces, including hu-
man activity and inactivity, the present
Eastern forest is quite different from the
precolonial one. For the same reasons it
will be quite different again several dec-
ades from now.

In the West the harvest of the old-
growth, precolonial forests has proceed-
ed apace. Extensive logging began on
private lands—usually the lower, flatter
and most productive ones—in about
1900 and in the national forests, which
cover most of the mountains, after
World War II. Today little of the old-
growth forest remains on private land.
Much of the second-growth forest on
land owned by timber and paper compa-
nies has been put under management.

In the Western national forests, which
constitute 55 percent of the commercial
forestland west of the Great Plains and
50 percent of the nation’s entire sup-
ply of standing sawtimber, the remain-
ing old-growth stands are interspersed
among other areas that have been
burned or clear-cut and reforested. Mid-
dle-aged stands are less plentiful, since
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little logging was done before World
War II; they owe their existence mainly
to fires that occurred early in the centu-
ry. In the ponderosa-pine national for-
ests of the interior the tendency is to
harvest trees quite selectively, since the
species grows on relatively dry land that
is likely to support only grass or sage-
brush if the forest is clear-cut. In the
fast-growing national forests of Doug-
las fir and associated species west of the
Cascade-Sierra summits the practice is
basically to clear-cut 40 acres or more in
a patch. Some six million acres (5 per-
cent) of the 129 million in the West that
is classified as commercial forestland
have no significant stock of trees.

Strategies of Silviculture

Until the 18th century silviculture
was rudimentary and rarely practiced.
The foresters of western Europe during
the Middle Ages were mainly game war-
dens who patrolled hunting reserves for
feudal landlords. Trees were treated asa
readily available natural resource to be
exploited without much regard for their
replacement. Exploitation is still the
rule in much of the world, particularly
in the Tropics and in the boreal forests.

By the 18th century the need for fuel
wood and lumber in western Europe
gave rise to silvicultural practices aimed
at the reforestation of cutover areas and
the management of forests for the sus-
tained production of wood and other
values. This approach, still widely fol-
lowed today, is termed conventional ex-
tensive silviculture. It emphasizes sys-
tems of harvesting mature forests so as
to encourage natural regeneration. The
technique also includes the thinning of
growing stands to increase the growth in
diameter of trees that will eventually be
harvested.

During the same period many of the
hardwood forests in western Europe
were converted into stands of softwood
by the clear-cutting of the existing
woodland and the planting of pure
stands of Scotch pine and Norway
spruce. Most such conversions succeed-
ed, and so the growing of valuable com-
mercial tree species in more or less pure
stands became commonplace through-
out much of the developed world. This
technique, which can be called conven-
tional intensive silviculture, is highly de-
veloped in the Douglas-fir forests of the
Pacific Northwest, in the southern-pine
region of the US. and in pine planta-
tions of western Europe, South Africa,
New Zealand, Australia and Chile. It is,
in effect, tree farming.

By the middle of the 19th century the
second and third crops of conifers were
being grown on plantations in Germany,
Switzerland and France. Professional
foresters (by then the product of forest-
ry training in universities) began to no-
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tice that yields were often lower than
they had been for the first crop, particu-
larly for spruce grown outside its nor-
mal habitat. The foresters attributed
this decline to the formation of acid soil
under forests consisting of only spruce
or pine. (The needles of such trees have
a low nutrient content and on falling to
the ground form a raw humus that is
quite acidic.) Among these foresters an-
other concept of silviculture developed.
It can be termed the naturalistic ap-
proach, in which attention is paid to the
matching of trees to the ecology of the
site. The concept also calls for the main-
tenance of a mixture of trees, including
hardwoods because the leaves that fall
from them will attract soil-building or-
ganisms and so help to maintain the fer-
tility of the soil.

Finally, within the past decade the ris-
ing interest in the use of plant materials
as a source of energy and of chemical
feedstocks has led to much discussion of

and some experimentation with the idea
of short-rotation silviculture. In this
concept trees that grow quickly are har-
vested as often as every two years.

The reader who has been counting
my enumeration of silvicultural strate-
gies will be aware that I have named
five: exploitive, conventional extensive,
conventional intensive, naturalistic and
short-rotation. A number of intermedi-
ate approaches also exist. In each of the
five basic strategies many fundamental
questions remain unanswered.

For example, it can be argued that the
exploitive approach is not really silvi-
culture, since it involves only the cutting
of trees without regard to the regenera-
tion of the forest. Still, it is a form of
forest management. From the stand-
point of maximizing the economic re-
turn to the owner from the trees, such a
harvest may well be justified on the
grounds that the cost of reestablishing
the forest may exceed the expected re-

~_ -

WORLD’S FOREST RESOURCES are indicated on this map. The regions where such coni-
fers as pine, spruce, hemlock, fir, redwood and cedar predominate are shown in gray; darkly
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turn from the new stand of trees. (The
U.S. national forests are operated under
a Congressional mandate that they must
be managed for a sustained yield; in
them the exploitive approach is there-
fore illegal regardless of its economic
merits.)

Under a policy of exploitation the
harvest of trees is termed a commercial
clear-cut if most of a stand is removed
and a selective cut or a high-grading cut
if only the most valuable trees are cut
and a substantial number of less valu-
able ones are left. That number will
depend on the age and structure of the
forest as well as on economic consid-
erations. Many of the trees that are left
will fall because of wind or the weight
of ice and snow once they have been de-
prived of support from the harvested
trees and exposed to the elements.

The disadvantages of the exploitive
approach are well known and frequent-
ly stated. First, a large commercial
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colored areas indicate the regions where temperate hardwoods in-
cluding oak, hickory, maple, poplar and walnut predominate, and the

clear-cut is an ugly wound in the land-
scape and will remain that way for at
least several years. Second, the careless
cutting of roads through the area and
the indiscriminate use of heavy logging
equipment may result in severe erosion.
Third, much wood may be wasted
through the destruction of trees that
have grown for years but have not at-
tained marketable size. Fourth, the
impact on wildlife, water supply, rec-
reation and other values is often se-
vere. Finally, the regeneration of the
forest is left to chance and may or may
not occur.

An exploited forest can be left as it is
in the hope that the surviving trees will
be supplemented by natural regenera-
tion, so that a more or less fully stocked
second-growth stand eventually devel-
ops. More often than not, however, the
best course will be to bulldoze the pitiful
remains or spray them with herbicide,
burn the site to reduce the organic re-
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mains to wood ash and replant with co-
nifer seedlings big and hardy enough to
form a new stand.

Conventional Silviculture

Two main practices have come to ex-
emplify conventional extensive silvi-
culture as it has evolved over the past
twocenturiesfrom itsbeginningsin west-
ern Europe. One is the harvest of ma-
ture trees through silvicultural systems,
which are cutting patterns designed to
ensure the regeneration of trees in the
cutover areas. The other is the technique
of thinning and making other cuttings
in order to free the potential crop trees
from undesirable competition.

The emphasis in conventional exten-
sive silviculture is on maintaining a sus-
tained yield of wood. Under this strate-
gy trees are grown until their boles are
large enough to be sawed into lumber.
In the national forests of the U.S., under
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lightly colored areas show regions where such tropical hardwoods as
teak, mahogany, rosewood and ebony are among many species found.
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policies adopted by Congress, the rota-
tion age is set at the culmination of
mean annual increment, that is, the age
at which the trees of the forest are pro-
ducing their largest average cumulative
growth. In practice this policy means
that trees are grown larger on public
lands than on private ones, where eco-
nomic pressures usually favor earlier
harvesting. The rotation age for most
commercial tree species in the U.S.
tends to fall between 40 years (pulp-
wood harvested on private land) and
100 years (timber cut for lumber in na-
tional forests).

The silvicultural systems employed
for harvesting mature trees can be

grouped in four categories. One is the
selection system, which consists of light
partial cuts repeated every few years to
create a forest of uneven age. The tech-
nique is suitable only for the relatively
few commercial tree species that can
thrive for most of their life in shade.
Most commercial tree species do best
under full sunlight and must be grown in
stands of even age. The other three silvi-
cultural systems are designed to create
such stands. One is clear-cutting, with or
without subsequent planting or seeding
but at least with thought given to natural
regeneration and with care taken to min-
imize the damaging effects of the har-
vest. A second technique is to leave seed

trees standing; it is not much employed
because the trees left are likely to be
brought down by wind or ice, they may
not produce enough seeds to restock the
forest and they may be so few in number
that it is not worthwhile to return later
and harvest them. The final system is
called shelterwood cutting, because the
mature stand is removed in two or more
partial cuts so that the new stand can
become established under the shelter of
a partial canopy of remaining trees.
As for thinning, it is usually done in
pole-size stands. From 25 to 40 percent
of the stand may be cut, partly to har-
vest early the trees that appear likely to
die and partly to increase the ultimate

MAJOR TYPES OF FOREST in the U.S. are shown according to
whether they are dominated by coniferous trees (gray), which are
softwoods, by broad-leaved deciduous trees (color), which are hard-
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woods, or by mixed stands of softwoods and hardwoods (gray and
color). The regions depicted in white either have never supported for-
ests or are formerly forested lands now developed for other purposes.



Twenty million years ago, the site of Marsha's discovery was a seashore.
Now it’s 40 miles from the sea, and half a mile down.

Marsha Green took a closer look at a 20-million-

year-old seashore and found this new gas field.

For geologist Marsha Green,
it was a case of reviewing the evi-
dence just one more time and
coming up a winner. After only
two years with Gulf Oil, Marsha
discovered a new and untapped
gas field.

Spotted atrend

Her find was near Victoria,
Texas, which 20 million years ago
was a seashore, rich in the marine
life that creates natural gas.

There were plenty of produc-
ing wells in this general area. The
drilling record of each one tells a
geologist something new about the
earth’s structure.

Marsha pored over these
records. And she began to spot
a trend.

Textbook curve

Such moments are rare. But

Marsha is a dedicated professional.
“I like to try to figure out what

happened millions of years ago,”
she says, “and put the whole pic-
ture together.”

Marsha Green. One of 52,000
Gulfpeople, meeting the challenge.

Marsha persuaded Gulf man-
agement to drill five exploratory
wells. Four were dry. But on one,
the instrument that detects natural
gas went right off the scale. “A real
textbook curve,” Marsha says.

Gulf people:
meeting the challenge.

Gulf Oil Corporation.

Marsha persuaded Gulf management to dril a series
of exploratory wells.
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Polaroid introduces

SONAR

automatic focusing.

Imagine taking pictures with a camera that matic ultrasonic technology.
does all the focusing for you automatically, At the press of one button, the new Sonar
instantly and perfectly-with sound waves. OneStep cameras automatically focus, set the
A new era in photography is here. shutter speed, the lens aperture, and make the
Polaroid’s revolutionary Sonar OneSteps exposure. In as little as a second and a half,
are the first cameras ever introduced that you have the developing picture in your hand.
focus by themselves using completely auto- No other camera has ever given photog-
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raphers such complete freedom to make ness, you can take sharp, precisely focused

instant pictures so accurate so easily. flash pictures. All you do is pop on a flashbar
These unique sonar cameras send out an and press the button. Thisamazing camera

inaudible sound signal that bounces off the automatically measures the distance to your

subject and returns to the camera, in subject in any light.

milliseconds—and the lens automatically Polaroid’s new Sonar OneStep Land camera

rotates to perfect focus.

Sonar automatic focusing is
dramatically faster
than conventional
manual focusing.
You can shoot in-
stant pictures, one
after the other, from
close-up to infinity, 1
without wasting time
focusing.Just aim
and press one but-
ton.You can get
sharp, precisely
focused pictures
every time.lt's that simple.

With split-second sonar focusing, those
unposed, once-in-a-lifetime shots are easy
because this camera does all the work for you  *suggested iist Pronto sonarOnester
automatically. In dim light, or even total dark-  OneSteps.The world's simplest cameras.

is available in two models. The SX-70 Sonar
=7 OneStep and the Pronto Sonar OneStep,
from $99.95.
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HOW THE BELL SYSTEM

OVERSEES 40 MILLION LONG DISTANCE CALLS A DAY.

|
)
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Part of the network status
board, where NOC personnel

watch for possible jam-ups.

ON AN EASY DAY.

The Network Operations Center, Bedminster, New Jersey.

You are looking at the Bell System’s Network
Operations Center. Here, our technology and
people work 24 hours a day to help your long
distance calls go through quickly, effortlessly.

When you make a long distance call, it has sev-
eral different routes it can take, automatically.

But sometimes trafhic gets particularly heavy. We
can get a bottleneck.

That’s when the people of the Network Opera-
tions Center move in. Using the most advanced Bell
System computer technology, they re-route the traf-
fic to get your call through

In round numbers, the Network Operations
Center helps manage nearly 40 million calls, on a
normal day. At busy times on busy days, the vol-
ume surges even higher. : : :

So come Christmas or Mother’s Day, hurricane or Eﬁﬁiﬁ;gt‘;ﬁy‘t’ﬁeﬁggmr
high water, virtually every long dlstgnce call you :ﬁiﬁ;ﬁ?ﬂ&fﬁ?i:&%ﬂ
make goes through quickly and easily.

Thanks to all the people of the Bell System.

@ Bell System

Keeping your communications system the best in the world.
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diameter of the remaining trees. Except
for a few species that tend to stagnate
under crowded conditions, thinning will
not normally produce higher yields per
unit of area but will improve the growth
of the bigger and more valuable trees. A
commercial thinning is economic when
the trees that are removed can be sold
for pulp, fuel or other purposes for
which wood of small dimensions is ap-
propriate.

Conventional extensive silviculture is
widely practiced in western Europe, the
U.S. and many other temperate regions.
Since most of the silvicultural opera-
tions carried out under this heading pay
for themselves in terms of wood prod-
ucts extracted, no substantial capital in-
vestment is required. The main cost is in
foregone profits.

On the other hand, such operations
may be insufficient to maintain a contin-
uous yield. Natural regeneration may
fail, so that the site has to be planted or
seeded. Young trees of desired species
may have to be freed from competition
with unwanted species. Other invest-
ments may be needed to achieve a fully
stocked forest and maximum growth. In
this way silviculture becomes more in-
tensive.

The growth and yield of trees can be
substantially increased by the appli-
cation of intensive silvicultural tech-
niques. Even so, since it takes decades to
grow a crop of trees, the economic in-
centives for applying the techniques
may be less than enticing. Indeed, the
investment made to establish a stand or
to increase its growth may exceed the
anticipated increase in the value of the
final crop. Nevertheless, intensive silvi-
culture, involving the investment of
considerable amounts of capital in the
forest, is becoming increasingly feasible
and is being more widely practiced, par-
ticularly by industrial landowners seek-
ing a continuous supply of wood for
their lumber, pulp and veneer mills.

In intensive silviculture the landown-
er employs at least one and probably
more of the following techniques: (1)
Work is done on a cutover site to pre-
pare the land for planting or to create
surface conditions favorable to the nat-
ural regeneration of the stand. (2) For-
ests consisting of species that grow slow-
ly or are of less value than another spe-
cies that could grow on the site are
removed by clear-cutting, and trees of
the more desirable or faster-growing
species are planted. (3) Stock that has
demonstrated improved genetic charac-
teristics is planted. (4) Herbicides are
employed to reduce unwanted compe-
tition, mainly from hardwoods of limit-
ed commercial value. (5) The stand is
thinned before maturity to counter stag-
nation and to stimulate the growth of
potential crop trees. (6) Fertilizer is ap-
plied to the stand to compensate for de-

ficiencies of nitrogen and phosphorus.
(7) Pesticides are applied on prescrip-
tion to reduce serious threats from in-
sects and fungi.

Consider the potential of just one of
these treatments. The Forest Service es-
timates that gains in yield of from 8 to
15 percent in one generation could be
achieved through the genetic selection
of Douglas fir in western Oregon and
Washington. On the better sites the yield
could be doubled by the third genera-
tion. Already gains of from 10 to 20
percent in volume and in quality are be-
ing realized in the first generation from
the genetic improvement of Southern
pines.

Other Techniques

The naturalistic approach to silvicul-
ture is typified by practices in Switzer-
land. Moving away from the concept of
pure stands of even age and from strong-
arm methods of cultivation, the Swiss
have come increasingly to rely on natu-
ral tree types and natural successional
trends as a basis for their silviculture.
The mixed stand of uneven age has be-
come the ideal.

The main arguments for this tech-
nique are that it requires little capital
and entails few risks. Once a forest is
established along naturalistic lines it is
maintained by periodic light partial cuts
designed to produce the highest eco-
nomic return consistent with the mainte-
nance of a mixed, continuous forest of
uneven age. The site does not deterio-
rate, and the generally quick establish-
ment of acceptable species reduces silvi-
cultural investments to a minimum. A
naturalistic forest is less likely than a
pure stand to be susceptible to attack by
disease and insects.

Certainly such a forest can be produc-
tive and profitable for some species of
tree on some sites. It is equally certain
that an even-age forest of the same spe-
cies can be grown and that it will of-
ten produce more biomass and higher
economic returns than the naturalistic-
ally managed forest. One simply cannot
generalize. Both naturalistic silviculture
and conventional silviculture have a
place in forest management. What to
grow and how to grow it are decisions
that must be made for a particular site
according to the conditions of climate
and soil that exist there.

The short-rotation approach to sil-
viculture consists in producing large
quantities of tree material by selecting
highly efficient photosynthesizers and
growing them under intensive cultiva-
tion with frequent harvesting. The pro-
posal to develop “biomass plantations”
is essentially a return to a form of the
coppice system that was employed ex-
tensively in Europe and the eastern U.S.
during the 19th century to produce fuel
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raises des Bois

woodland strawberries from Europe

a charming edgjng plant
for the perennial border,

luscious berries. too...
from June until frost.,

Clumps of cool green leaves, white
blossoms, and red berries grace these
lovely plants all summer long. They
grow to eight inches and a foot wide
— and do not send out bothersome
runners. Propagating instructions are
sent with the order. Divide these large
field-grown plants when received,
then again the following spring. You
will then have 100 plants or more from
the first dozen, yielding ample serv-
ings of this great European delicacy
every week.

Because of their luscious flavor,
woodland strawberries were first cul-
tivated in the gardens of the Louvre
in 1360 by Charles V— and we named
our strain for him. Order ‘Charles V’
now and we will ship it in time for
spring planting. These are large field-
grown plants. Orders postmarked
after June 1 will be shipped in early
fall. One dozen ‘Charles V' $15.00;
please add $1.50 per dozen for deliv-
ery to Gulf States, $2.50 west of the
Mississippi. This is a fruit — no Con-
necticut Sales Tax.

Or order a dozen ‘Catherine the
Great,” our new Russian variety. Its
plants are slightly larger than Charles,
the berries bigger and pointed — with
the most concentrated strawberry fla-
vor we have ever tasted. Per dozen
$20.00, plus above prepaid delivery
charges. — Amos Pettingill
Spring and Fall editions of The Gar-
den Book, our catalogues, which tell
more about how-to-garden than the
1200 plants listed; plus three issues
of NOTES, an invaluable reminder
publication, are offered for $5.00 (de-
ductible from first order of $20.00).
It's our Gardening Publications Serv-
ice and is sent at no charge to active
customers. — AP.

White Flower Farm

Plantsmen
Litchfield 1092, Connecticut 06759
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OLD-FIELD SUCCESSION indicates what happens when a forest
is essentially unmanaged. The succession is porirayed here for a gen-
eralized forest in the East, beginning (/) with the mixed conifer-hard-
wood forest that existed when the colonists arrived. Gradually the
colonists cut down nearly all the trees, at first for fuel and lumber but
later to clear the land for farming (2). With the opening of the West
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many Eastern farms were abandoned; by natural regeneration they
grew a second forest that consisted mainly of pines or cedars but in-
cluded a few hardwoods (3). When the conifers were harvested (4),
hardwoods took over. In the present stage shade-tolerant hardwoods
are crowding out the less tolerant species, giving rise to an oak-hick-
ory climax forest that will be quite different from the precolonial one.
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from stands of hardwood that were har-
vested on short rotation and regenerated
by sprouting from stems. In the current
manifestation the strategy is to rely on
such fast-growing species as cotton-
wood, sycamore, red alder and aspen, to
harvest the stands mechanically on rota-
tions of from two to four years (when
the trees are from 10 to 20 feet high and
from one to two inches in diameter and
can be converted into chips for fuel or
chemical feedstock), to rely on sprouts
from the remaining stems for reproduc-
tion (or on root suckers with aspen) and
to cultivate and fertilize the sprouts in-
tensively. Yields of several tens of tons
of oven-dry plant material per hectare
per year are predicted on the basis of
the physiological potential of the trees
and of studies made on small plots.

If such yields could actually be at-
tained over broad areas without heavy
investments of energy in fertilization,
irrigation, cultivation and harvesting,
short-rotation silviculture would indeed
have considerable promise. Unfortu-
nately it has not yet been possible to
grow hardwoods in plantations with any
great success, let alone to grow them at
the rates achieved in trials of genetical-
ly superior stock under intensive care
in the nursery or some other carefully
monitored condition. This is not to say
that the experimental work has been un-
sound but rather that it has not been
possible to transfer the results to opera-
tions of commercial size.

The Silvicultural Outlook

Forests have a considerable poten-
tial for producing energy and chemical
feedstocks. For example, if the energy
value of wood is taken to be 7,500 Brit-
ish thermal units per pound, the annual
net primary production of the world’s
forests is roughly 1,200 quads (a quad is
one quadrillion B.t.u.) or five times the
world’s use of 230 quads of energy in
1975. Robert L. Burgess of the Oak
Ridge National Laboratory has estimat-
ed (on the assumption that the annual
aboveground growth of the world’s for-
ests is 13 billion metric tons, of which
half is economically accessible) that one
million megawatts of electricity could
be produced from wood on a sustained-
yield basis—about twice the present
generating capacity in the U.S.

In 1970 the annual growth rate of the
commercial forests in the U.S. was esti-
mated at 2.7 cubic meters per hectare
(38 cubic feet per acre). If all the com-
mercial forest areas were fully stocked
with trees and balanced in age classes,
the potential growth would have been
5.2 cubic meters per hectare per year.
The biological productivity of the com-
mercial forestlands of the U.S. is such
that the net realizable growth of the for-
ests could be doubled within half a cen-

You could he missing a fourth
of Beethoven's Fifth.

Most cassettes distort or can't
reach the crescendos that have
made Beethoven's Fifth famous.
But our new AD cassette can,
Utilizing a unique ultra-sensitive
formulation, AD cassettes cap-
ture all the highs that even ex-
pensive premium ca .

mangle. Yet AD's cost is

ning departure from the usual high

cost of premium cassette listening.
And AD is ideally suited to any noise
reduction system. Like all TDK
quality cassettes, AD is backed

by a full lifetime warranty.

TDK Electronics Corporation,
Garden City, N.Y. 115¢

You hear whet youe

*In the unlikely event that any TDK cassette ever fails to perform due to a defect in materials or workmanship,
simply return it to your local dealer or to TOK for a free replacement  © 1979 TDK Electronics

r---------------------

What your home could
have in common with the Met,
the Tate, and the Louvre.

Beautiful, original works by artists who are represented in the world’s great
museums and galleries can be yours for very reasonable prices.

7 We offer original etchings, litho-
graphs and serigraphs signed by Calder,
Chagall, Dali, Delacroix, Renoir and
other important artists.

(Victor Vasarely’s bold, geometric
composition, Byss, is just one of the
many fine prints we’ve recently made
available.)

Our expert advice and full money-
back guarantee are your assurances that
the art you buy will have lasting value
and beauty.

Send for our colorful, descriptive
brochure, without obligation.

Ll

Victor Vasarely’s Byss

Original print collectors group, Ltd.

120 East 56th Street, Dept. SA-16, New York, NY. 10022

[0 PLEASE SEND ME YOUR FREE COLOR BROCHURE,
LATEST NEWSLETTER AND OTHER INFORMATION.

City State Zip
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SYSTEMS OF SILVICULTURE are depicted. In clear-cutting with
natural regeneration (a) a stand of trees is entirely cut down in a giv-
en area. Regeneration of the forest may occur through the natural
fall of seeds from trees that remain standing near the clear-cut area.
In clear-cutting with planting () a cleared site may be prepared for
the planting of genetically improved seedlings, which grow into a pure
stand of even age. The forest is thinned at intervals and treated with
fire, fertilizers, herbicides or pesticides as needed. In the shelterwood
system (c) a stand is cut in such a way that trees remain in the area to
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provide seed and shelter for a period of years and thereby to make re-
generation fairly certain. Once the new growth is established the over-
story is removed to leave a young stand of even age. The selection sys-
tem (d) relies on the maintenance of a mixed stand of uneven age and
trees that are more or less shade-tolerant. In the proposed short-rota-
tion method, a variety of the coppice system (e), trees that grow rap-
idly and regenerate by sprouting would be intensively cultivated and
harvested by machines on rotations as short as two years. The harvest-
ed trees would be converted into wood chips for fuel or chemicals,
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tury by the widespread application of
proved silvicultural practices. With a
widespread application of intensive sil-
viculture, including the complete use of
hardwoods and the utilization of the en-
tire tree of every harvested species, the
potential productivity of the forests in
the U.S. would be closer to three times
the present level.

What are the possibilities of improv-
ing on demonstrated silvicultural prac-
tices through research? In the U.S. re-
search on silviculture and on related
aspects of forestry has largely paralleled
work in agriculture. It is carried out by
the Forest Service at 82 laboratories, by
workers at some 60 universities (mostly
with Federal funding) and by a limited
number of wood-using industries. The
present level of activity is about 400
scientist-years devoted annually to re-
search relating to the biology, cultiva-
tion and management of forests, to the
genetics and breeding of forest trees and
to the economics of timber production.
For more than 50 years extensive stud-
ies in the laboratory and in the field have
dealt with the ecological and physiologi-
cal requirements of the principal tree
species. The point has been reached
where silviculturists understand the in-
teraction of these trees with their envi-
ronment, including the major insects
and diseases that form part of the forest
ecosystem.

Several accomplishments can be cit-
ed. Two of them have been described
here: the genetic improvement of the
Southern pines and the flow of nutrients,
water and other components of a for-
est ecosystem in monitored forested or
clear-cut watersheds. Useful work has
also been done on the atmospheric phys-
ics of weather as it affects the behavior
of forest fires and as it relates to the
modification of weather and the control
of lightning; on the analysis of aerial
photographs and other forms of remote
sensing as a means of obtaining invento-
ries of large forest areas (including the
forest resources of the nation as a
whole), and on the use of linear-pro-
gramming models to determine and
schedule tree harvesting and other for-
est-management operations.

On the other hand, not enough work
has been done on a number of problems
that have become major issues in the
encounters between environmentalists
and forest managers. How do forests of
even age and uneven age (forests com-
posed of different tree species and grow-
ing on different sites) compare in pro-
ductivity and loss of nutrients? How do
pure and mixed stands compare on these
matters and on relative vulnerability to
insects, diseases and other hazards? The
U.S. is sadly lacking in definitive re-
search studies that could have a broad
application in the shaping of national
policies on forests.
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Solitons

They are waves that do not disperse or dissipate but instead

maintain their size and shape indefinitely. A recent finding

1s that solitons may appear as massive elementary particles

aves and particles have been
; —x / intimately related in physical
theory since the formulation
of quantum mechanics in the 1920’s. In
the past few years another connection
between them has emerged. It comes
from a surprising source: the analysis of
certain wave equations that are not part
of quantum mechanics but instead de-
rive from classical physics. Solutions to
these equations describe waves that do
not spread or disperse like all familiar
waves but retain their size and shape in-
definitely. The wave can be regarded as
a quantity of energy that is permanently
confined to a definite region of space. It
can be set in motion but it cannot dissi-
pate by spreading out. When two such
waves collide, each comes away from
the encounter with its identity intact. If a
wave meets an “antiwave,” both can be
annihilated. Behavior of this kind is ex-
traordinary in waves, but it is familiar in
another context. Given a description of
an object with these properties, a physi-
cist would call it a particle.

Waves that propagate without dis-
persing have been known for some time
in hydrodynamics, where they are called
solitary waves or solitons. What has
been discovered recently is that nondis-
sipative waves also arise from some of
the equations formulated to describe el-
ementary particles. The name soliton
has been borrowed for these objects.
The solitons I shall discuss here are
those that share a particular mechanism
of confinement: they are prevented from
dispersing by a topological constraint.
They cannot decay by spreading out for
the same reason a knot tied in an endless
rope cannot be removed without cutting
the rope.

For now the solitons of particle phys-
ics are entirely the creation of theorists,
and it may yet turn out they do not exist
in nature. Onthe other hand, if the equa-
tions that describe elementary particles
are found to be among those that ad-
mit soliton solutions, then the solitons
should appear as new particles. They
would be very massive, perhaps thou-
sands of times heavier than the proton.
A soliton particle would also have cer-
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tain distinctive properties; for example,
one theory predicts that each soliton
would be a magnetic monopole, an iso-
lated north or south magnetic pole.

Evenif such particles do not exist, sol-
itons may enter the realm of elementa-
ry-particle physics in another role, as
objects confined not only to a definite
region of space but also to a moment
in time. Such evanescent solitons have
been named instantons. Like the soliton,
the instanton is a classical object with a
quantum-mechanical interpretation. It
is viewed not as a particle but as a tran-
sition between two states of a system,
a manifestation of the phenomenon
called tunneling. Transitions facilitat-
ed by instantons have already been in-
voked to explain a pattern of particle
masses that had been a long-standing
puzzle to theorists.

In order to understand what is remark-
able about a wave that does not dis-
perse, one need only consider an ordi-
nary, dissipative wave such as the one
generated when a pebble is dropped into
a still pond. Such a wave travels over
the water surface as an expanding ring.
Careful observation reveals that the dis-
turbance becomes less pronounced as it
moves away from the source, and even-
tually it dies out completely.

An important factor in the decay of
water waves is the viscosity of the medi-
um, a manifestation of friction. In some
mediums, however, waves propagate
without friction but nonetheless decay,
and even waves in a pond filled with a
frictionless fluid would die out. The rea-
son is that components of the wave that
have different wavelengths propagate
with different speeds, spreading the en-
ergy of the wave over a larger area.
When the wave is viewed in cross sec-
tion, it becomes continually broader but
of smaller amplitude. If it is allowed to
continue to infinity, it disperses over an
infinite area and thereby disappears.

Solitons are not, strictly speaking, im-
mune from dispersion; rather, they are
waves in which the effects of dispersion
are exactly canceled by some compen-
sating phenomenon. The compensation
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is possible only in a certain class of
waves, those whose equation of motion
is of the kind said to be nonlinear. The
propagation of such a wave is influenced
not only by the shape of the disturbance
but also by its magnitude.

The first recorded observation of a
soliton was made almost 150 years ago
by John Scott Russell, an engineer and
naval architect. He reported to the Brit-
ish Association for the Advancement of
Science: “I was observing the motion of
a boat which was rapidly drawn along
a narrow channel by a pair of horses,
when the boat suddenly stopped—not so
the mass of water in the channel which it
had put in motion; it accumulated round
the prow of the vessel in a state of vio-
lent agitation, then suddenly leaving it
behind, rolled forward with great veloc-
ity, assuming the form of a large, soli-
tary elevation, a rounded, smooth and
well-defined heap of water, which con-
tinued its course along the channel ap-
parently without change of form or dim-
inution of speed. I followed it on horse-
back, and overtook it still rolling on at
a rate of some eight or nine miles per
hour, preserving its original figure some
30 feet long and a foot to a foot and a
half in height. Its height gradually di-
minished, and after a chase of one or
two miles I lost it in the windings of the
channel.”

Scott Russell proposed thatthe stabil-
ity of the wave he had observed resulted
from intrinsic properties of the wave’s
motion rather than from the circum-
stances of its generation. This view was
not immediately accepted. In 1895,
however, D. J. Korteweg and Hendrik
de Vries gave a complete analytic treat-
ment of a nonlinear equation in hydro-
dynamics and showed that localized,
nondissipative waves could exist. Soli-
tons have since become a well-recog-
nized phenomenon in various fields of
engineering and applied mathematics.

he solitons of interest in particle
physics arise from equations that de-
scribe fields, or physical systems that are
extended in space. A field assigns to ev-
ery point in space a value of some speci-
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SOLITON AND ANTISOLITON appear as kinks of opposite direc-
tion in the structure of a field. In the upper illustration the evolution
of the field itself is depicted; proceeding from front to back, each line
represents a successive configuration of the field. The lower illustra-
tion shows the energy distribution corresponding to each configura-
tion. At the beginning of the sequence the soliton and the antisoliton

ANTISOLITON

POSITION, x

POSITION. x

are approaching each other, the antisoliton moving faster and there-
fore having a higher energy. When the two waves meet, they are both
annihilated and from their energy another soliton-antisoliton pair is
immediately created. The one-dimensional field in which the waves
propagate is called the sine-Gordon field. Everywhere outside the
soliton and the antisoliton the field takes on values with zero energy.

93

© 1979 SCIENTIFIC AMERICAN, INC



fied quantity. such as electric potential.
Often more than one quantity is defined
at each point. The values can change
from point to point and from moment to
moment, but they must do so smoothly
and continuously.

The most familiar field is the elec-
tromagnetic one described by the field

equations of James Clerk Maxwell. In
Maxwell’s theory six values are assigned
at each point in space; they represent the
components of the electric and the mag-
netic fields along any three orthogonal
axes. Gravitation is also described by
field equations, those of Einstein’s gen-
eral theory of relativity. The surface of a
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PERSISTENCE OF A WAVE is limited mainly by dispersion, the process whereby compo-
nents of a wave that have different wavelengths propagate at different speeds. Because of dis-
persion, an ordinary wave (upper graphs) tends to flatten and spread as it moves and must even-
tually die out entirely. A soliton (/lower graphs) is a wave that does not dissipate because the
effects of dispersion are canceled by other features of the wave’s motion. The soliton repre-
sents a quantity of energy that can move from point to point but cannot spread out in space.
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VECTOR FIELD ¢ (x)
FIELD IN SPACE is the medium in which solitons propagate. A field assigns to each point in
space some definite value of a specified quantity. Here the space (a) is di 1, and the
points shown are merely a few selected from an infinite conti In the simplest field (b)
only a magnitude is measured at each point, represented here by the length of a line segment.
A more complicated field, a vector field (c), has both a magnitude and a direction, shown here
by arrows. For a field to be physically possible it must be defined everywhere (although its value
can be zero), and if it changes from point to point, variation must be smooth and continuous.
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pond can be regarded as a model of a
two-dimensional field. The quantity to
be specified at each point is vertical po-
sition, or height above some reference
level. A wave passing through the wa-
ter then becomes a perturbation of this
field.

An essential property of a field is that
it can carry energy, just as a particle can.
The energy of the field per unit volume
is expressed mathematically as the sum
of three quantities. One of these quanti-
ties is proportional to the square of the
rate at which the field varies in time. The
second term has a similar form but is
proportional to the square of the rate at
which the field varies in space. The third
quantity is determined not by a rate of
variation but by the actual magnitude of
the field at each point. It is customary to
call the first term Kinetic energy and the
sum of the other two terms potential en-
ergy. In this discussion, however, it will
be convenient to have a name for each
of the three quantities, and so I shall give
the name intrinsic energy to the compo-
nent that depends on the actual magni-
tude of the field, leaving the name po-
tential energy for the component that is
proportional to the square of the spatial
rate of variation.

An intuitive rationale can be provided
for this analysis of the energy of a field.
The kinetic-energy term states that the
total energy of the field rises when the
value of the field (at each point) changes
more quickly. In the water surface con-
sidered as a model of a field thisrelation
implies that the kinetic energy is propor-
tional to the square of a rate of change in
position, or in other words to the square
of a velocity. It is a matter of everyday
experience that when something moves
faster, it carries more energy.

The potential energy, as I have de-
fined it, rises when a change in the state
of the field is compressed into a smaller
space. Intuition again confirms that the
energy needed to bend or deform an ob-
ject rises when the bend is made sharper.
The interpretation of the intrinsic com-
ponent of the energy is even more
straightforward: it should hardly seem
surprising that the energy of a field de-
pends on the magnitude of the field. In
the pond model the intrinsic energy is
related to the overall surface level of the
water. A higher waterline corresponds
to a higher energy.

Because the kinetic energy and the po-
tential energy of a field are both
squared quantities they can never take a
negative value. In evaluating the intrin-
sic energy of a field only energy differ-
ences need be considered, such as the
difference between two water levels in
a pond. The smallest observed intrin-
sic energy can therefore be set equal to
zero, and so the intrinsic energy can also
be defined in such a way that negative
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ENERGY OF A FIELD is the sum of three components, all of them
illustrated here on a water surface, which can be regarded as a model
of a field. The kinetic energy is proportional to the square of the rate
at which the field varies in time; a field with faster-moving waves
embodies more energy. The potential energy is proportional to the
square of the spatial rate of variation; a field whose fluctuations have
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a shorter wavelength has a higher energy. The intrinsic energy is de-
termined by the magnitude of the field, although the rule relating
these two quantities can take many forms. In the example of the wa-
ter surface a higher water level corresponds to higher intrinsic ener-
gy. The energy of the field is zero when the field is static and uni-
form and in a configuration that yields the minimum intrinsic energy.
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~360 ~180
VACUUM STATES of a field are the zero-energy configurations.
Because the kinetic and the potential energy can always be reduced
to zero by making the field static and uniform, only the intrinsic ener-
gy need be considered in determining the vacuum states. Here the in-
trinsic energy is plotted as a function of the magnitude of the field
for fields described by three simple equations. If the energy increases
as the square of the magnitude of the field (a), there is only one vac-
uum state: the energy is zero when the field itself is zero. A variant

180 360

of this equation (b) yields a field with two vacuum states. The energy
is zero when the field has values of + 1 or — 1 but, significantly, the en-
ergy is greater than zero when the field itself vanishes. The energy of
the sine-Gordon field (¢) is a periodic function and has an infinite
number of vacuum states. If the magnitude of the sine-Gordon field
is interpreted as an angle in degrees, then the energy is zero when-
ever the magnitude is equal to zero, 180, 360 and so on. Topolog-
ical solitons can exist only in fields that have multiple vacuum states.

95

© 1979 SCIENTIFIC AMERICAN, INC



values never appear. Thus the minimum
total energy of a field is zero.

The state of a field that has minimum
or zero energy is called the vacuum
state. It is clear that in the vacuum state
the field must be constant throughout
both space and time, since any variation
would give the kinetic or the potential
energy a value greater than zero. To
achieve the vacuum state it is thus neces-
sary only to minimize the intrinsic ener-
gy. The vacuum is the state of a uniform
field that has zero intrinsic energy.

Since the intrinsic energy is deter-
mined by the magnitude of the field, the
most obvious configuration is one where
the intrinsic energy is at its minimum
when the field itself is zero everywhere.
The vacuum is then the state with no
field at all, which corresponds to the
intuitive notion of a vacuum as be-
ing empty space. Surprisingly, however,
that is not the only possibility. There are
a number of field equations for which
the intrinsic energy vanishes at some
nonzero value of the field. Hence the
state of the system with no field, which
might at first seem to represent the vac-
uum, can actually have a higher ener-
gy than some alternative state with a
nonzero field. That alternative state is
the true vacuum, the point of zero ener-
gy, even though it describes a space per-
meated by a uniform field. An example
of a field of this kind is the magnetic field
of a ferromagnet. The state of minimum
energy for a ferromagnet is not the de-
magnetized condition; on the contrary,
a ferromagnet spontaneously generates
and maintains a magnetic field because
it can reduce its energy by doing so.

If the intrinsic energy can fall to zero
for some value of the field other than
zero, then it might be zero at more than
one value. Indeed, certain field equa-
tions give rise to a multiplicity of vacu-
um states, each state associated with a
different value of the field. All the vac-
uum states are equivalent (they have
the same zero energy), but they are dis-
tinct. The existence of at least two vac-
uum states is a necessary condition for
the creation of the solitons I shall de-
scribe here.

Suppose a wave, an excitation of
some field, is observed at a given mo-
ment to occupy a finite volume of space.
Outside this region there are no other
excitations and the value of the field is
such that the energy is zero everywhere.
The overall state of the system can-
not be the vacuum because there is en-
ergy in the wave. As the wave disperses,
however, its energy will be distributed
through ever larger volumes, and when
it spreads to infinity, the energy per unit
volume will have fallen to zero. The
wave has then disappeared and the field
has a constant vacuum value through-
out space.

If the field is one that can have multi-
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ple vacuum states, there is another pos-
sible configuration of the system. In the
regions surrounding an isolated wave
there may be different values of the
field, all of them corresponding to the
vacuum but nonetheless distinct. If the
topological arrangement of the vacuum
states is such that the field cannot be
extended to a consistent vacuum val-
ue everywhere in space, then the wave
will be unable to expand and disperse.
The result is a stable perturbation of the
field: a soliton.

he topology of a soliton can be made

clearer by considering a few exam-
ples of particular field equations. The
simplest of these equations describes a
field that exists in a one-dimensional
space, a line of infinite length where
each point can be specified by a single
coordinate, x. A field in this space as-
signs to each point on the line some val-
ue, which I shall designate by the Greek
letter ¢ (phi). A more formal description
of the field is given by the mathematical
expression ¢(x), which is read “¢ is a
function of x,” or more briefly “¢ of x,”
and which means that for every point on
the line there is a unique value of the
field ¢.

In the same way that ¢ depends on x
the intrinsic energy depends on ¢. This
dependence is recorded explicitly by the
notation E(¢): the intrinsic energy is a
function of ¢, and thus each possible
value of the field has some definite in-
trinsic energy. The physical meaning of

these mathematical formulas is easily _

deciphered. Given any point, x, in the
one-dimensional space, the value of the
field is specified at that point without
ambiguity. Given the value of the field
at each point, one can then calculate its
intrinsic energy. Solitons appear when
several values of the field have the same
minimum intrinsic energy.

One expression for the intrinsic ener-
gy that can give rise to solitons is the
equation E;= (sin ¢)2. The equation
states that for any value, ¢, of the field,
the intrinsic energy can be found by
taking the sine of ¢ and then squaring
the result. The equation of motion for
waves propagating in a field that has
this property is called the sine-Gordon
equation. It is a modification of an-
other equation first discussed in 1926
by Oskar Klein and Walter Gordon.

The properties of the sine-Gordon
field can be explored by substituting nu-
merical values for ¢ in the equation that
defines the intrinsic energy. The values
need not be assigned any dimensions.
For the sake of simplicity I shall assume
here that the units are chosen so that the
intrinsic energy varies between zero and
1 and that ¢ is measured in degrees.

The sine is a trigonometric function
whose value ranges from zero to + 1 and
from zero to — 1. and so its square must
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be confined to the range of values be-
tweenzero and + 1. If ¢ is equal to zero,
then the sine of ¢ and the square of the
sine are also zero: hence the sine-Gor-
don equation is one in which the state
with no field is a vacuum state. As ¢
increases from zero to 90 the sine and
the square of the sine rise smoothly.
reaching a value of 1 when ¢ is equal to
90. As ¢ continues to increase, however,
the square of the sine decreases and re-
turns to zero when ¢ is equal to 180.

‘That value of ¢ therefore specifies an-

other vacuum state of the system. With
a continuing increase in ¢ the sine be-
comes negative, but the square of the
sine, of course, remains positive and
again has a value of 1 when ¢ is equal to
270. When ¢ is equal to 360, the square
of the sine is zero again, representing
another vacuum state. Additional states
of zero intrinsic energy are found when
¢ is set equal to 540, 720, 900, 1,080
and so on. As ¢ increases there are infi-
nitely many possible vacuum states,
each separated from the neighboring
vacuum by a hump where the intrinsic
energy rises smoothly to a value of 1.

he configuration of a one-dimen-

sional field can be represented by
a two-dimensional graph, that is, by a
graph on a plane. One axis is labeled
with all the points, x, in the one-dimen-
sional space; the other axis gives all pos-
sible values of the field, ¢. For each
point x a mark is made on the plane at a
position corresponding to the value of
the field at that point. Because the field
must be defined at every point and be-
cause the values must form a continu-
um, the marks can always be connected
to make a line or curve. If the line is
straight and parallel to the x axis, it rep-
resents a state in which the field is con-
stant at all points.

In order to display the intrinsic energy
of the field a third dimension is added to
the graph: intrinsic energy is made pro-
portional to height above the plane. For
the sine-Gordon field the points repre-
senting the intrinsic energy of every pos-
sible value of the field form a sinusoidal-
ly undulating surface. In thisenergy sur-
face the undulations are parallel to the x
axis and have troughs of zero energy
where ¢ is equal to zero, 180, 360 and
so on [see illustration on opposite page].

In this three-dimensional graph the
configuration of the field is represented
by a line laid on the undulating ener-
gy surface. One possible configuration
is represented by a straight line that
remains at the bottom of one of the
troughs, say the trough at ¢ = 180. The
meaning of the graph is that the field has
a magnitude of 180 at every point on the
line x. It does not vary in space and un-
less it is perturbed by some outside influ-
ence it cannot vary in time. Moreover,
because ¢ = 180 is one of the values of
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ENERGY SURFACE of the sine-Gordon field illustrates the topo-
logical constraint that confines a soliton. Distance along the x axis,
which extends to infinity in both directions, gives the position of a
point in a one-dimensional space. Distance along the axis labeled ¢
gives the magnitude of the field at the point x. The height of the ener-
gy surface above the plane (along the axis labeled E) gives the intrin-
sic energy of the field at this point. The sine-Gordon field has multi-
ple vacuum states, namely the troughs in the energy surface. A line
that lies in one of these troughs describes a global vacuum state: the
field has the same magnitude everywhere, and it is a magnitude that
corresponds to zero intrinsic energy. A line that oscillates within a
valley represents a local excitation of the field, or an ordinary wave.
Because the line wanders above the floor of the valley this field car-

ries energy, but the wave will eventually disperse. A soliton forms
when the field assumes different vacuum values along the two direc-
tions that lead to infinity. For the soliton shown here the field to the
left is in the vacuum state at ¢ = 0, but to the right it has the alterna-
tive vacuum value of ¢ = 180. The field is required to be continuous,
and so at some point along the x axis it must cross the hump in the
energy surface that separates the two vacuum states. The kink at the
transition zone is the soliton. It can be pushed from side to side, but if
the surface is infinite, the kink can never be removed and the soliton
can never disperse. At the bottom the intrinsic energy of the three
field configurations is projected onto a two-dimensional graph. The
dissipative wave and soliton also have potential energy, and if they are
moving, they have kinetic energy, but these quantities are not shown.
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OPTIMUM SHAPE for a soliton is the shape that yields the smallest sum of potential energy
and intrinsic energy. The potential energy, being determined by the spatial rate of variation, is
smallest when the transition is gradual and the line crosses the ridge at a shallow angle (a). A
long segment of the line, however, is then near the peak in intrinsic energy. The intrinsic ener-
gy is minimized when the line crosses the ridge almost perpendicularly (5), but such an abrupt
transition makes the potential energy large. The best compromise is achieved when the line
crosses the ridge at an intermediate angle (c) and the potential and intrinsic energy are equal.
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the field for which the intrinsic energy is
zero, the total energy of the field is zero.
The field is in one of its many equivalent
vacuum states; because it is the same
state everywhere it is called a global
vacuum.

Another configuration results when a
small perturbation is introduced into a
line that lies in one of the troughs of zero
intrinsic energy. At the site of the pertur-
bation the line representing the state of
the system climbs partway up one wall
of the valley, plunges back to the floor
and up the other wall, then continues
this sinuous pattern in a series of oscilla-
tions that become progressively smaller.
The graph corresponds to a wavelike ex-
citation of the field, but one that will
eventually disperse. Where the line wan-
ders above the floor of the valley the
field has intrinsic energy, and because it
varies in space it has potential energy.
The process of dispersion itself adds
kinetic energy. As the wave spreads
out over the infinite length of the line,
however, the energy per unit length
approaches zero and the field returns
to a stable state of global vacuum.

A soliton of the sine-Gordon field ap-
pears when the line representing the
state of the system climbs from the bot-
tom of one valley in the energy surface,
crosses a ridge and descends to the bot-
tom of an adjacent valley. Extending in
either direction from this point of transi-
tion the field is in a stable vacuum state
but not the same vacuum state. For ex-
ample, the magnitude of the field at all
points to the left of the transition might
be 180 and at all points to the right 360.
In the transition region the field does not
have a vacuum configuration. It has in-
trinsic energy because the line must sur-
mount the hill in the energy surface, and
it has potential energy because the value
of the field changes from one point to
the next.

The soliton represents a kink in the
configuration of the field, and if the line
x extends to infinity in both directions,
the kink can never be removed. One end
of the line is anchored in the vacuum
state at ¢ = 180 and the other end at
¢ = 360. Since the line must be contin-
uous, it must cross the energy maxi-
mum between these two vacuum states
at some point along its length. The soli-
ton can never disperse and its energy
can never be dissipated.

he energy of a soliton in the sine-

Gordon field depends on the geome-
try of the transition between vacuum
states. The potential energy is mini-
mized when the field varies as gradually
as possible, and therefore when the line
crosses the ridge at a shallow angle,
nearly parallel to the x axis. In that con-
figuration, however, the line is elevated
above the bottom of the valley for a sub-
stantial distance and the intrinsic energy
is high. The intrinsic energy assumes its
minimum value when the line crosses
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CREATION AND ANNIHILATION of solitons resemble the cor-
responding operations among quantum-mechanical particles. In the
sine-Gordon field a section of the line that describes the state of the
system can be lifted from the bottom of one valley and draped over
a ridge into a neighboring valley. The result is the simultaneous crea-

the hill perpendicular to the x axis, mak-
ing a very abrupt transition between
vacuum states, but in that case the rate
of spatial variation is high and the po-
tential energy reaches an extreme value.
The minimum total energy of the soliton
is achieved when the crossing is smooth
and at an intermediate angle, so that the
intrinsic energy and the potential energy
are equal.

Although the sine-Gordon field has a
remarkably simple structure, the soli-
tons that appear in it have several im-
portant properties in common with ma-
terial particles. The stability of the soli-
ton at rest has already been discussed.
The soliton can also be set in motion
without altering its form: the transition
region between the two vacuum states
rolls along the hill at a constant velocity.
Even when the soliton is in motion, the
width of the transition region remains
constant, and the only change in the en-
ergy is the addition of a term for the
kinetic energy.

There is nothing in the sine-Gordon
equation that restricts the field to config-
urations with only one soliton, and in
principle there could be an unlimited
number of both solitons and antisoli-
tons. By convention a soliton is a kink
where the field increases (from one vac-
uum value to the next) as x increases and
an antisoliton is a kink where the field
decreases with increasing x. It is a sim-
ple matter to create a soliton-antisoliton
pair from a state of global vacuum: sim-
ply pick the line up from the bottom of
one valley and drape a loop over the
ridge into an adjacent valley. The proc-
ess corresponds to the creation of a par-
ticle and its antiparticle in a quantum
field theory.

In the reverse process a soliton and
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ANTISOLITON
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an antisoliton collide. The sine-Gordon
equation has the special property that
both the soliton and the antisoliton
emerge from the collision unchanged,
but it is easy to modify the equation
so that the waves are annihilated. Both
kinks then disappear and their energy is
dissipated in a wave that disperses into
the global vacuum. Mutual annihilation
is also observed among particles and an-
tiparticles. Because any soliton-antisoli-
ton pair can readily be created or annihi-
lated, it is only the difference between
the total numbers of these objects that is
conserved. For example, a given field
might go off to infinity in one direction
at a value of ¢ =180 and in the other
direction at ¢ = 360, but there could
be seven solitons and six antisolitons in
the transition region between these two
values. Six solitons and six antisolitons
could be made to annihilate one anoth-
er, but there is no way for the last soliton
to be eliminated.

It is easy to make a working model of
the energy surface of the sine-Gordon
field. Fold a piece of heavy paper into
several accordion pleats, or if possible
into smooth undulations, then place a
length of flexible key chain across the
surface. If the chain begins in the bot-
tom of one pleat and ends in another, a
soliton must exist where the chain cross-
es from one vacuum state to the other.
The absolute conservation of the soliton
cannot be proved unless the surface and
the chain are made infinitely long, but
certain other properties can be investi-
gated. By tilting the surface, for exam-
ple, one can make the soliton move, and
with careful manipulation it may even
be possible to observe the creation and
annihilation of soliton-antisoliton pairs.
I first saw such a model demonstrated by
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tion of a soliton and an antisoliton, which can move away from the
site. In the reverse process a soliton and an antisoliton meet and anni-
hilate each other. Equations that govern the sine-Gordon field always
create another pair immediately after the annihilation, but in other
soliton systems energy of the waves can be dissipated in other ways.

Holger Nielsen, a Danish physicist who
has done pioneering work in the study of
solitons.

It may appear that the sine-Gordon
field is an arbitrary construction that has
no point of contact with the real world.
As a one-dimensional field its descrip-
tive power is necessarily limited. What
is more, the multiple vacuum states that
are essential for the existence of solitons
are introduced by what may seem to be
a rather artificial assumption, namely
the assumption that the intrinsic energy
is a periodic function of the field. There
are physical phenomena in the three-di-
mensional world, however, that are ef-
fectively confined to one dimension. An
example is the motion of electrons along
a stack of molecules, and the sine-Gor-
don equation has been applied to the
analysis of this system and similar ones.
The periodic variation of the intrinsic
energy is also not too remote from expe-
rience. Consider the energy of a pendu-
lum expressed as a function of the angle
that measures deviation from the verti-
cal. As the angle increases from zero
degrees the energy rises to a maximum
when the angle measures half a turn,
then returns to zero after a whole turn,
and so on, passing through many equiv-
alent maximums and minimums as the
angle continues to increase.

The qualitative similarity between in-
teracting solitons of the sine-Gordon
field and certain interacting particles has
been extended to a formal equivalence.
In 1958 Walter E. Thirring of the Uni-
versity of Vienna formulated a quan-
tum-mechanical model of particles and
antiparticles moving in a one-dimen-
sional space. Sidney R. Coleman of
Harvard University has recently shown
that the Thirring model and the solitons
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prevent conditions that require
health care.

We've put together a booklet
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Health. And we'll send you one free
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Insurance Institute, Dept. 12,
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TWO-DIMENSIONAL FIELDS can incorporate solitons if there are multiple vacuum states
with an appropriate topology. The fields are defined by two quantities at each point in space,
designated ¢; and ¢3. Each combination of ¢; and ¢, implies a definite intrinsic energy,
which is given by the energy surface for the field. In one possible field theory (upper diagram)
the energy is zero only when both components of the field are zero; no solitons are possible
in this field. Solitons can appear when the energy surface has a somewhat more complicated
structure (lower diagram). Here a field whose components are both zero has a definite, non-
zero energy. The vacuum states of the field are the combinations of ¢, and ¢ that describe
the circumference of a circle with unit radius. If ¢, and ¢, are the components of a vector,
then the field has zero energy when the magnitude of the vector is 1, regardless of its direction.
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of the sine-Gordon equation describe
the same phenomena. In the Thirring
model the particles are assumed to exist
and are then made to obey a postulated
scheme of interactions; the solitons, on
the other hand, are not introduced a
priori but arise naturally from the equa-
tions of motion. Nevertheless, the two
kinds of objects propagate and interact
in the same way.

he notable successes of the sine-Gor-
don theory aside, there is no ques-
tion that the real world has three spatial
dimensions rather than one dimension.
If solitons exist as real particles, they
must be found in a three-dimensional
theory. Two-dimensional waves with
the properties of solitons have been
known for a few years; the discovery of
three-dimensional solitons is more re-
cent. The latter may exist in nature as
particles; the two-dimensional solitons
are of interest in other branches of phys-
ics and are useful models for illustrating
the properties of the three-dimensional
ones. Indeed, once the step from the line
to the plane is made, no further concep-
tual barriers are encountered in the pas-
sage to spaces of higher dimensionality.
The stability of many solitons in high-
er-dimensional spaces can be proved by
topological arguments similar to those
employed in the sine-Gordon field, al-
though the geometric configuration of
the fields becomes somewhat more dif-
ficult to visualize. In two dimensions
the value of a field is a continuous func-
tion of position on a plane. A graph of
the field can be constructed by draw-
ing the plane and letting height above
each point represent the value of the
field at that point. The set of all values
forms a surface erected over the plane;
it is a flat surface parallel to the plane if
the field is constant or a more complicat-
ed surface for a field that changes from
point to point. In three dimensions the
field must be defined at every point in
ordinary space; it is not possible, howev-
er, to draw a graph of a three-dimen-
sional field except in a hypothetical
four-dimensional space. On the other
hand, the properties of the two- and
three-dimensional fields are very simi-
lar, so that for most purposes the sim-
pler field can serve to illustrate both.
In one dimension the property that
was found to be essential for the exis-
tence of solitons was the presence of
multiple vacuum states, where the in-
trinsic energy vanishes at various values
of the field. A soliton appears when the
field approaches different vacuum val-
ues as one proceeds toward infinity in
opposite directions on the line. On a
plane, infinity can be reached by pro-
ceeding in any direction from a chosen
origin; the number of directions that
lead to infinity is itself infinite. The di-
rections can be put into one-to-one cor-
respondence with the infinity of points
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on the circumference of a circle. The
situation is the same in three-dimension-
al space, where the directions toward in-
finity correspond to the points on the
surface of a sphere. For a soliton to exist
in either of these spaces the field must
approach distinct vacuum states along
each of the possible directions.

The topological peculiarity that gives
rise to solitons is not possible for all two-
and three-dimensional fields, or even for

all those fields that have multiple vacu-
um states. One requirement is that the
field itself be defined by more than one
quantity at each point. The fields I shall
discuss are specified by two values at
each point in two-dimensional space
and by three values in three-dimension-
al space. They are called vector fields
because the two or three quantities can
be regarded as giving the components of
a vector along two or three orthogonal

axes. The vector field is designated by
writing the symbol for the field with an
arrow over it: @. The intrinsic energy
of a two-component vector field can be
represented as a surface drawn over a
plane. The plane is not that of the two-
dimensional space itself but a plane giv-
ing all possible values of the vector field,
or all possible combinations of magni-
tude and direction for the vector .
One plausible equation for calculat-
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CONFINEMENT OF A SOLITON in a two-dimensional space is
demonstrated by a topological argument. The space (a plane) is filled
with a vector field, a field defined at every point by a magnitude and
a direction. Outside some arbitrary domain, D, the field is observed
to radiate from D and its magnitude is everywhere equal to 1 (a). A
field of that magnitude (but only one of that magnitude) is assumed
to have zero intrinsic energy, and so everywhere outside D the field is
in a vacuum state. At issue is whether the vacuum can continue in-
side D. That it cannot is proved by the following procedure. Imagine
touring the perimeter of D while carrying an arrow that always re-
mains parallel to the field (b). After a complete circuit the arrow re-
sumes its original orientation, but it has rotated one turn. Now ex-
amine some microscopic region inside D; if the region selected is small
enough, the field inside it must be uniform, with all the vectors paral-

. VECTOR ROTATES
X 360 DEGREES

— VECTOR ROTATES
0 DEGREES

lel (¢), since large variations in the field cannot be compressed into
an arbitrarily small space. During a tour of this region (d) the arrow
does not rotate at all. Many other circular tours can be imagined at
scales intermediate between these two; for the larger tours the arrow
would still rotate by a full turn and for the smaller ones it would not
rotate. At some scale, however, there must be a transition, where the
rotation of the vector field changes from 360 to zero degrees. A the-
orem in topology states that such a transition is possible only if at
some point inside D the field itself vanishes, so that the direction of
the arrow is undefined. It follows that somewhere inside D the field
must be zero, and a smooth decline to zero at the center is the most
plausible configuration (e). A field with a magnitude of zero, howev-
er, is not a vacuum state; it has energy greater than zero. The energy
is that of a soliton, confined by a “twist” in the structure of the field.
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ing the intrinsic energy as a function of
the vector field is E; = (¢)2. The intrin-
sic-energy surface described by this
equation is a paraboloid, the surface
generated when a parabola is rotated
around its axis. The intrinsic energy
has just one minimum, at the apex of
the paraboloid, which corresponds to
the origin of the intrinsic-space plane.
Therefore the intrinsic energy is zero
only when both the magnitude and the
direction of the field are zero. Because
the field has only this one vacuum state,
corresponding to no field at all, topolog-
ical solitons are not possible.

Suppose the intrinsic energy is giv-
en by a somewhat different equation,
E;= (¥2 — 1)2. In this case the intrinsic
energy is not zero at the origin of the
plane; when'¢ is equal to zero, the intrin-
sic energy is equal to (—1)2, or simply 1.
Hence the state with no field is not a
vacuum state. The true vacuum state is

FRAME OF REFERENCE P

TRANSPORTED BY B

GAUGE FIELD

ROTATION OF FRAME

found when the magnitude of ¢ is equal
to 1, since (¢2 — 1)2is then equal to zero.
The equation (¢2 — 1)2 = 0 is the equa-
tion of a circle; it is satisfied by all the
points on the circumference of a circle
whose center is the origin and whose ra-
dius is 1. The field is therefore in a vacu-
um state whenever the magnitude of the
vector is 1, regardless of its direction.
The complete energy surface has a curi-
ous structure. At large distances from
the origin it looks much like a parabo-
loid, although it is steeper. Near the ori-
gin the surface reaches a minimum at all
points on the circle where the magnitude
of @ is equal to 1, then rises again inside
this circle. The surface looks like a quar-
tic paraboloid with a dent poked into its
apex [see illustration on page 102].
What does this energy surface imply
about the possible configurations of a
two-dimensional vector field? One con-
sequence of particular importance to

DOMAIN D

\

360 DEGREES

; SMALL REGION OF
L DOMAIN D

ROTATION OF FRAME = 0 DEGREES

GAUGE FIELDS alter the description of a soliton in two or three dimensions. For a soliton to
exist, a field radiating from a domain, D, must be in a vacuum state outside D. Setting the mag-
nitude of the field equal to 1 makes the intrinsic energy zero, but the potential energy must
also be taken into account. Because a radiating pattern of vectors changes direction from point
to point, the potential energy does not seem to be zero. The quandary is resolved by introducing
a new field, the gauge field, which brings with it a prescription for transporting a frame of ref-
erence from point to point. Outside D the frame rotates by exactly the amount needed to keep
the direction of the field vector constant at all points (when the direction is measured with re-
spect to the transported frame). In a small region inside D neither the vector nor the frame
rotates. With the introduction of the gauge field the potential energy of the original field is
eliminated but the topological confinement of the soliton is retained. It is no longer the orig-
inal field vector but the gauge field whose net rotation changes from 360 to zero degrees.
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this discussion is that the field can have
zero intrinsic energy if the magnitude
of the field vector is everywhere equal
to 1, regardless of the vector's direc-
tion. Consider a field whose magnitude
and orientation have been measured at
all points on a plane outside some ar-
bitrary domain D. The magnitude of
the vector has been found to be equal
to 1 everywhere, and its direction is
such that the vector always points away
from the origin, which is inside the do-
main D. Hence outside D the plane is
filled with vectors that all have unit
length and that seem to radiate from D.
Everywhere outside D the field is in a
vacuum state, since the unit vector cor-
responds to zero intrinsic energy. The
question is: Can the vacuum state also
extend inside D, so that the field has zero
intrinsic energy everywhere? It cannot.
The proof that it cannot is topological in
nature and it shows that D must envelop
a region of finite energy: a two-dimen-
sional soliton.

Imagine taking a walk around the do-
main D, carrying an arrow that always
points in a direction parallel to that of
the field. On returning to the starting
place the arrow will be pointing in the
same direction it was when the walk
began, but it will have described a full
circle, a rotation through 360 degrees.
Now imagine examining some micro-
scopic region inside D. It might seem
most plausible for the pattern of radiat-
ing vectors to be reproduced at smaller
scale in this region, but a simple argu-
ment shows that such a field configura-
tion is impossible. If the field were to
make a 360-degree rotation within a mi-
croscopic region, the rate of spatial vari-
ation and hence the potential energy
would be enormous. As the area of the
sample approached zero the potential
energy would be unbounded. It follows
that if a small enough sample area can
be chosen, the field within it must be
uniform: the vectors at all points must
have not only the same magnitude but
also the same direction. Thus a micro-
scopic sample of D would reveal a field
in which all the vectors are parallel. An
arrow carried around this sample would
never deviate from its original orienta-
tion; it would not rotate at all.

The procedure of carrying an arrow
around a closed loop in a field illustrates
a theorem in topology. The theorem
states that if the field has no discontinui-
ties and does not vanish at any point,
then the arrow must rotate an integer
number of times during any circuit. The
arrow can fail to rotate at all, in which
case the integer is zero, or it can turn
once, twice and so on, but it cannot
make half a turn. No proof of this theo-
rem will be presented here, but it is sup-
ported by common sense, which indi-
cates that the arrow must return to its
original position at the end of any com-
plete loop.

The theorem is satisfied by the loop



How to slim down.
Save energy. Use solar energy.

Jump start your car. Deal with stress.
Remove a stain. Check for breast cancer.
Select a smoke detector. Get better mileage.
Control pests. Cope with arthritis. Get a patent.
Insulate your home. Control your blood pressure.
Rent a home. Get rid of a headache. Spot a con job.

Keep records. Invest. Make toys out of junk.
Budget your money. Repair a leaky faucet.
Prevent drug abuse. Choose a new carpet.
Garden organically. Restore an old house.

Start a small business.
Learn the metric system.

Jog successfully. Backpack.
Read labels. Avoid sunburn.
Relieve the common cold.

Buy a car. Save money.
Administer first aid.
Donate your body.
Find a job. Retire.
Tune up your car.

Grow tomatoes.

No matter what kinds of
questions you have, there’s a
good chance the Consumer
Information Catalog can help
you find the answers.

wealth of information. Really
helpful information.

The catalog was put together
for you by the Consumer Informa-
tion Center of the U.S. Govern-

Inside, it lists more than THE \emososeem | ment. It's free. And so are more
two hundred federal publica- | CONSUMER 34" | than half the publications in it.
tions you can send foron all | INFORMATION Now the only question left
kinds of subjects. CATALOG >, | is how to get a copy.

All of which contain a CENERAL SEFVCES ADVNSTRATON Simple. Just write to:

Consumer Information Center, Department C, Pueblo, Colorado 81009.

m General Services Administration « Consumer Information Center

107
© 1979 SCIENTIFIC AMERICAN, INC



outside D, where the vector rotates
through 360 degrees, and by the micro-
scopic loop inside, where the rotation is
zero. What happens, however, during
some loop at an intermediate scale? At
some point, as the size of the region ex-
amined is reduced, thé rotation of the
field must make a transition from 360 to
zero degrees. The topological theorem
forbids a loop with a fractional rotation,
but it does include two escape clauses.
One is the possibility that the field has
a discontinuity, where its value chang-
es abruptly from one point to the next.
That solution is excluded, however, by
the requirement that all physical fields
exhibit only smooth and continuous
changes. The only remaining possibility
is that somewhere inside D the value of
the field falls to zero. At that one point
the net rotation can change from 360 to
zero degrees because where the field
vanishes the direction of the vector is
undefined.

This elaborate argument has been
presented for one purpose: to prove that
inside the domain D there must be a
point where the magnitude of the field is
not equal to 1; instead it must be equal
to zero. It then follows that at this point
the intrinsic energy is not zero. In fact,
the requirement that a field vary only by
smooth increments creates an entire re-
gion inside Dwhere the energy is greater
than zero. This lump of energy cannot
spread out over the plane; it is confined
by the “twist” where the net rotation of
the field changes by one turn.

A three-dimensional soliton is similar
in structure, and its confinement can be
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explained by analogous arguments. The
points of minimum intrinsic energy now
make up the surface of a sphere, and the
intrinsic energy rises both inside this
sphere and outside it. A field configu-
ration corresponding to these vacuum
states can again be postulated for all
points outside some domain, but now
the domain encloses a spherical volume
rather than a circular area. The same
topological argument shows that the
vacuum state cannot be extended to all
regions inside the domain, and so there
must be a region where the field has a
value that gives an intrinsic energy
greater than zero. This ball of energy is a
three-dimensional soliton, and it closely
resembles an elementary particle in or-
dinary space.

In the foregoing analysis of two- and
three-dimensional solitons an impor-
tant element has been neglected. The
configuration of the field outside the do-
main D has been defined as the vacuum
state because it has zero intrinsic energy,
but no account has been taken of its po-
tential energy. Because the field vector
changes direction at every point, the po-
tential energy is not zero. Indeed, it can
be proved that the potential energy is
infinite, so that the field configuration
not only fails to describe a localized
wave but also seems to be unattainable.

There is a way out of this impasse, but
it is not a simple one. The infinite poten-
tial energy outside the domain D can be
reduced to zero by postulating a new
kind of field, called a gauge field. In the
past several years gauge fields have be-

EQUATOR

TRANSPORT of a frame of reference according to the prescription of a gauge field is anal-
ogous to transport over the surface of the earth. If the frame is transported from its initial posi-
tion on the Equator directly to the pole, it assumes one final orientation (black), but moving it
first along the Equator and then to the pole yields a different final orientation (color). Hence

the rotation during a displ tdep

ds on the path followed. The rotation results from the

curvature of the earth. In abstract space a gauge field has an effect equivalent to curvature.
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come much-studied structures, not only
in physics but also in mathematics,
where they are known by a different
name: connections. I shall not explore
the workings of a gauge field in detail
but shall concentrate on those proper-
ties that are important to the theory of
solitons.

In order to eliminate the potential en-
ergy of the field without also destroying
the soliton, the change in orientation of
the vector from point to point must be
abolished, while the overall rotation of
the field by 360 degrees must be pre-
served. Although these two goals may
seem to be irreconcilable, they are both
accomplished by a gauge field.

In describing the two-dimensional
field it was assumed implicitly that the
direction of the vector would be mea-
sured at each point with reference to
some fixed set of coordinate axes in the
abstract plane where all possible values
of ¢’ are plotted. The frame of reference
could be arbitrary, but it remained the
same throughout space: it was a global
frame. The introduction of a gauge field
allows the frame of reference to ro-
tate as one moves between neighboring
points. The potential energy is then eval-
uated by measuring the variation of @
not with respect to a global frame of
reference but rather with respect to local
frames that can change from point to
point.

Suppose that somewhere on the pe-
rimeter of D the field vector makes an
angle of 30 degrees with a chosen frame
of reference. If the frame is a global one,
then after traveling 90 degrees around
a circle the vector will have assumed a
new orientation of 120 degrees. A suit-
ably arranged gauge field, however, al-
lows the frame of reference to rotate
with the vector; no matter where a mea-
surement is made, the orientation of the
vector field is effectively constant and so
the potential energy vanishes. On the
other hand, the notion of a twist in the
field configuration is preserved: it has
been transferred from the field ¢ to the
gauge field. Now it is the local frame
of reference that undergoes a complete
turn in a closed path around D.

It is important to emphasize that the
gauge field does not simply specify the
orientation of many independent frames
of reference. Instead it prescribes how
the orientation of a single frame changes
when the frame is displaced. If it were
necessary only to measure the changing
orientations of a frame in a two-dimen-
sional space, then it would suffice to
specify one number at each point: the
angle of rotation. Actually a two-dimen-
sional gauge field is defined by two num-
bers at each point. One number tells
how much the frame rotates during a
displacement along the x axis and the
other tells how much it rotates during a
displacement along the y axis.

Because the gauge field is a prescrip-
tion for transporting a frame between



ALITTLE HERESY IS
GOOD FOR THE SOUL

Amen.

This Klipsch® loudspeaker
is living testimony that good things
come in small packages. The
Heresy offers the widest range with
the lowest distortion of any speaker
its size. And because of its size, it's
ideal where space is limited.

Thetweeter and mid-range are
horn-loaded and employ the same
drivers used in the Klipschorn®
The woofer, a direct radiator
mounted in a total enclosure, puts
out far more bass than you would
ever imagine. And everything you
hear is clean, honest sound.

The Heresy isthenearest thing
to a Klipschorn youll find in a small
speaker. It's the best buy on the
market for your money.

Heresy. Good for soul Rock
Country. Or classical.

To find out about the Heresy
and other Klipsch loudspeaker
systems, write on ..

klipsch

Please send me your FREE color
brochure on the full line of Klipsch
loudspeaker systems, along with a list
of Klipsch dealers.

Name
i Address
City
I State Zip.

klipsch

/| PO. Box 688 SAZ9
%{ Hope, Arkansas 71801

In Canada: Superior Electronics, Inc.

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|

|

Made from selected hardwood veneers.

109

© 1979 SCIENTIFIC AMERICAN, INC



neighboring points rather than a pre-
scription for setting up a different frame
at each point, the net rotation of the
frame during a displacement depends
on the path taken. In going from Rome
to London by way of Berlin the frame
might rotate by some definite angle. If
the frame is carried from Rome to Lon-
don by way of Paris, the angle of rota-
tion will in general be quite different.
Moreover, on a round trip—say from
Rome to Berlin to London to Paris and
back to Rome—the frame will generally
not return to its original orientation.

The notion of transporting the frame
on the earth’s surface is not entirely met-
aphorical. Imagine setting up a frame
of reference, consisting of two orthogo-
nal axes, at some point on the Equator.
Then transport the frame to the North
Pole by sliding it parallel to itself, first
by heading due north along a meridian,
then by following the Equator for a dis-
tance before turning north along a dif-
ferent meridian. When the two frames
meet again at the pole, their orientations
will be different. The discrepancy results
from the curvature of the earth.

There are special configurations of a
gauge field where a frame transported
around a closed loop does return to its
initial orientation. In those configura-
tions the rotation of the frame during a
displacement is independent of the path
taken. The gauge field is then said to be
in a pure gauge form. It carries no ener-
gy and is in its vacuum state. When the
final orientation of the frame does de-
pend on the path, the gauge field carries

'

/N

energy, which becomes larger as the de-
pendence on the path becomes more
pronounced.

It is now possible to reexamine the
energy of a two-dimensional field that
includes a soliton. The introduction of a
gauge field eliminates the potential ener-
gy of the field ¢ outside the domain D.
Moreover, the gauge field itself is in a
pure gauge form there and carries no
energy because the frame of reference
returns to its original orientation after
any closed loop. The gauge field cannot
continue in a pure gauge form through-
out the interior of D, however. The
frame rotates by 360 degrees when it is
carried around a closed loop outside D,
but there must be a small loop inside D
where it does not rotate at all. By exten-
sion there must be loops of intermediate
size where the frame rotates by some
angle between 360 and zero degrees. In
that case the frame does not return to its
original orientation after the circuit, and
so the gauge field must carry energy.

The twist in the field configuration
outside D is now embodied in the gauge
field. Both fields, the @ field and the
gauge field, are in their vacuum state
outside D, but the continuity of the field
configuration demands that the fields
carryenergy inside the domain. The sol-
iton that emerges is again made stable
against dispersion by the topology of the
field configuration.

The prototypical gauge field is the
one that appears in Maxwell’s theory of
electromagnetism. It describes the rela-
tive orientation of frames of reference in

TUBE OF MAGNETIC FLUX in a superconductor is confined to a small cross section by a
field that incorporates many two-dimensional solitons stacked with cylindrical symmetry. The
superconducting electron pairs are described by a vector field with multiple vacuum states and
with an intrinsic energy that is at a minimum when the magnitude of the field is greater than
zero. The magnetic field is described by a gauge field. The twist in the topological configura-
tion of the two fields bounds the magnetic flux and prevents it from spreading out in space.
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an abstract space with two dimensions.
The components of a vector field ¢ lie in
this space. This field is not the electro-
magnetic field itself but describes the
charged matter to which the electro-
magnetic field is coupled. In realistic sit-
uations ¢ and the gauge field are both
defined at all points in three-dimension-
al space, although the abstract space
where ¢ lies is still two-dimensional, the
two dimensions corresponding to the
two possible signs of charge.

In most configurations of the electro-
magnetic field solitons are not possible
because the minimum of the intrinsic
energy corresponds to a zero value of
the matter field ¢. In superconductors,
however, the minimum is found at a
field of nonzero magnitude. The field
configuration then allows the existence
of two-dimensional solitons, which do
appear in superconducting materials.
They manifest themselves as tubes of
magnetic flux, where the fields are ar-
ranged in a vortexlike structure and the
energy is confined to a narrow tube at
the center of the vortex. When the vor-
texes are viewed in cross section, tHey
resemble the two-dimensional soliton
described above.

gauge field defined in an abstract

space with more than two dimen-
sions is substantially more complicated
than the electromagnetic field. The ad-
ditional complexity arises because there
are many axes around which the frame
of reference can rotate, and in general
the result of rotations performed around
different axes depends on the order in
which they are made. Gauge fields of
this kind are called Yang-Mills fields,
after C. N. Yang of the State Universi-
ty of New York at Stony Brook and Rob-
ert L. Mills of Ohio State University,
who first discussed them in 1954. It was
some time before the mathematical tech-
niques needed to deal with the fields
were mastered, but Yang-Mills fields
have now been given a crucial role in
the physicist’s description of nature. A
Yang-Mills field is the essential element
in atheory that seems to unify two of the
four fundamental forces of nature, the
weak force and the electromagnetic one.
Another Yang-Mills theory, although it
is less well developed, might eventually
explain a third fundamental force, the
strong or nuclear force.

The discovery that solitons might be
generated in a theory that describes a
matter field coupled to a Yang-Mills
field was made independently by Ger-
hard 't Hooft of the University of
Utrecht and by Alexander M. Polyakov
of the Landau Institute for Theoretical
Physics in Moscow. By recognizing that
the theory can have multiple vacuum
states with a nontrivial topology, they
discovered the three-dimensional soli-
ton. It is a soliton of this kind that might
exist as a real elementary particle. Such
a soliton particle would be very massive
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and would be a magnetic monopole,
that is, it would carry an isolated mag-
netic charge. This property, which none
of the known particles share, also de-
rives from the topology of the field; in
the same way that the twisted arrange-
ment of vacuums confines energy it also
encloses a unit of magnetic charge.

The theoretical exploration of the
properties of these particles has only
just begun, but a few interesting findings
have already emerged. One result con-
cerns relations between two fundamen-
tal categories of particles, the fermions
and the bosons. These categories are dis-
tinguished by the intrinsic angular mo-
mentum, or spin, of the particles, and by
their statistics, or behavior in groups.
The spin of a fermion is a half integer,
the spin of a boson an integer. The quan-
tum-mechanical statistics of the parti-
cles specify that no two fermions can
occupy the same state, whereas bosons
can be brought together in unlimited
numbers. Two fermions can combine to
form a composite particle with the prop-
erties of a boson, just as two half inte-
gers add up to an integer. It would ap-
pear, however, that there is no way to
combine bosons to yield a fermion.

When the field has only a global vacu-
um, the prohibition on making fermions
out of bosons is indeed absolute, but it
is not so when solitons are present. A
mechanism for the conversion has re-
cently been found by 't Hooft and Peter
Hasenfratz, who is now at the Universi-
ty of Budapest, and independently by
Roman W. Jackiw of the Massachusetts
Institute of Technology and me. In the
presence of a soliton a system with half-
integer spin can emerge from a field
whose only components are bosons. Al-
fred S. Goldhaber of Stony Brook has
shown that the system would have not
only the spin characteristic of a fermion
but also the statistics.

Another novel result, obtained by
Jackiw and me, shows that a fermion
might be split in half under the influence
of a soliton. We found a mode of inter-
action between solitons and fermions
where the structure of a soliton is al-
tered by the field of a fermion. The soli-
ton exists in two states of identical en-
ergy, one state having the character of
half a fermion and the other state that
of half an antifermion.

The prospects for making and detect-
ing soliton particles in the laborato-
ry are quite uncertain. They depend in
large measure on what theory is ulti-
mately found to describe most accurate-
ly the interactions of elementary parti-
cles. If the theory is one that admits soli-
ton solutions, then it is generally ac-
knowledged that the solitons will appear
in nature. There are many candidate
theories, however; some of them incor-
porate field equations with a topology
suitable for solitons but others do not. It
is no surprise that soliton particles have
not yet been observed in experiments
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MERGER OF TWO FLUX TUBES in a superconductor illustrates the coalescence of two
solitons. The matter field, whose magnitude is related to the density of superconducting elec-
tron pairs, is shown in the middle graph; this is the field in which the solitons appear. The mat-
ter field has two depressions, where the density of electron pairs falls to zero; everywhere else
it rises toward a uniform value of 1. The energy of the field, shown in the upper graph, is zero
at the periphery and rises to a maximum at each point where the density of electron pairs is
zero. Thus the two regions where the matter field declines represent confined quantities of en-
ergy. The magnetic field passing through the solitons is shown in the lower graph; it too is con-
fined to the regions of diminished electron-pair density. The graphs were constructed with the
aid of a computer by the author and Laurence Jacobs of Brookhaven National Laboratory.
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with particle accelerators. The mass of
such a particle, measured in energy
units, is thought to be some trillions of
electron volts. One trillion electron volts
isroughly 1,000 times the mass of a pro-
ton and more than four times the mass
of a uranium atom. It will be at least
several years before accelerators can
create such heavy particles.

11 the solitons described above are
structures that are localized in
space (whether the space has one, two or
three dimensions). They are of interest
because they are confined permanently
to a definite region of space. In the past
few years another kind of soliton has
been discovered, one that is confined to
a small region both in space and in time.
It is a phenomenon that exists only at a
particular place and at a particular mo-
ment. This new kind of soliton, which
has been given the name instanton, is
interpreted not as an object but as an
event, not as a particle but as a quan-
tum-mechanical transition between var-
ious states of other particles.
The nature of an instanton can be elu-
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cidated by examining the motion of a
particle under the influence of a poten-
tial, which specifies the value of a force
acting on the particle. For the sake of
simplicity the potential can be made
one-dimensional, and for instantons to
appear it must be made periodic, that is,
there must be several equivalent but dis-
tinct points of minimum energy. There
are many examples of such potentials in
nature; a familiar one is a roller coaster,
where the potential is the gravitational
field of the earth and a point of mini-
mum potential energy is encountered at
the bottom of each drop. It should be
pointed out that the potential energy in
this system is not that of a field but that
of a particle in a field. In the example
of the roller coaster potential energy is
proportional to height above the lowest
point on the track.

A graph of a simple periodic potential
shows a straight line, which represents
the space where the particle moves, and
an_ undulating line (perhaps a sine
curve), which gives the value of the po-
tential for each point in the one-dimen-
sional space. In order to trace the evo-
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lution of the system another axis, rep-
resenting time, must be added to the
graph. The undulating line is then con-
verted into an undulating surface. Mov-
ing across the undulations is equivalent
to a change in position; moving parallel
to them is not a motion in space but
instead reveals a steady state of the sys-
tem at successive moments.

A particle in a state of minimum ener-
gy lies at the bottom of one well in the
potential curve, and it can be expected
to remain at rest there forever. The tra-
jectory of the particle in time is there-
fore a straight line that follows the bot-
tom of the valley. A particle might also
oscillate about the equilibrium point at
the bottom of a well, a motion that is
represented along the time axis by a sin-
uous line wandering from one side of
the valley to the other.

The event of greatest interest is the
movement of a particle from a stable
position at the bottom of a well over a
potential barrier and into an adjacent
well. On the time axis this evolution cor-
responds to a line that begins in one val-
ley of the potential surface, climbs over

PARTICLE UNDERGOING
~ INSTANTON TRANSITION

" PARTICLE

POSITION, x

INSTANTON is a soliton confined not only to a region in space but
also to a moment in time. It is interpreted as a quantum-mechanical
transition between two states of motion of a particle. The particle
moves in a one-dimensional potential, or force field, and the evolu-
tion of its motion is recorded on a potential surface that extends along
the time axis. The history of a particle that remains stationary at one
of the points of minimum potential is represented by a straight line
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that follows a valley in the surface. A particle oscillating about an
equilibrium point traces an undulating curve in one of the valleys.
The trajectory of an instanton climbs from the bottom of one val-
ley, crosses a ridge and returns to stable equilibrium in an adjacent
valley. The path describes the motion of a particle that disappears
at one point of equilibrium and reappears at another. The transition
is equivalent to the quantum-mechanical phenomenon of tunneling.
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EVOLUTION OF A FIELD during an instanton transition exhibits a topological twist much
like that of a purely spatial soliton. Initially (¢ = 0) the field is uniform, being made up of vec-
tors that are all parallel and all of unit magnitude. This configuration is assumed to describe a
vacuum state. At a later moment (¢ = 1) the vectors again have unit magnitude, but they are
found to rotate through one turn. If the frame of reference is defined by an appropriate gauge
field, the later configuration can also be regarded as a vacuum state. For the field to evolve
from the first state to the second one, however, its net rotation must change from zero to 360
degrees, a transition that is topologically possible only if the field vector somewhere declines to
zero. At that point the intrinsic energy of the field is greater than zero, and so the instanton
describes an evolution from one vacuum state to another through a state with finite energy.

a ridge and descends into a neighboring
valley. At one moment the particle is
stationary at a point of minimum ener-
gy: the next moment it is found still at
rest but at another minimum-energy
position. The transition between these
states is an instanton.

In the classical physics that preceded
the development of quantum mechanics
such a transition was impossible. If a
train of roller-coaster cars is at rest at
the bottom of a hill, one can predict with
confidence that it will not spontaneously
climb over the hill and come to a stop in
the next valley. Energy would be con-
served in this imaginary process—at
least for an ideal, frictionless roller
coaster—because all the energy that
would have to be expended to raise the
train to the top of the hill could be re-
covered on the downhill run. The transi-
tion is nonetheless forbidden because in
classical physics energy must be con-
served at all moments, not merely in a
final accounting.

Quantum mechanics provides a kind
of deficit financing that makes the in-
stanton transition possible. A seeming
violation of the conservation law is al-
lowed provided that the violation does
not last too long and that the books bal-
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ance in the end. Through this mecha-
nism, which is called tunneling, a parti-
cle can cross a potential barrier even
though it has too little energy to sur-
mount the barrier. The instanton is a
structure in a classical field theory that
describes this fundamentally quantum-
mechanical process.

The graph of aninstanton is geometri-
cally identical with the graph of a soli-
ton in the sine-Gordon field; only the
labels on the axes have been changed.
Indeed, instantons were first found as
ordinary solitons in a field theory of
four spatial dimensions. The discovery
was made by A. A. Belavin, Polyakov,
A. S. Schwartz and Yu. S. Tyupkin of
the Landau Institute, who correctly in-
terpreted the soliton not as a four-di-
mensional object but as an evolution of
fields in three spatial dimensions and
one time dimension. They also showed
that instantons must appear in a large
class of field theories, including the the-
ories most commonly applied to the in-
teractions of elementary particles.

Soon afterward the significance of in-
stantons for the structure of the quan-
tum-mechanical vacuum was analyzed
by 't Hooft, by Curtis G. Callan, Jr., and
David J. Gross of Princeton University
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and Roger F. Dashen of the Institute for
Advanced Study and by Jackiw and me.
(It was ’t Hooft, incidentally, who sug-
gested the name instanton.) The ex-
istence of instantons implies that the
vacuum state in quantum mechanics is
not unique but has a periodic structure,
rather like the potential valleys of the
electromagnetic field inside the lattice of
atomsin a crystal. Of course, the period-
ic field in a crystal results from an order-
ly arrangement of atomic nuclei, where-
as the pattern generated by the instan-
ton solutions is an intrinsic structure of
space-time. The discovery of the struc-
ture had been quite unexpected.

Although instantons are a recent in-
novation in field theory, they have al-
ready led to the resolution of a disturb-
ing puzzle in the physics of subnuclear
particles. The puzzle concerns the mass-
es of the particles called mesons, which
are thought to be composite objects
made up of the more fundamental enti-
ties called quarks. Each meson consists
of a quark and an antiquark bound
together by a gauge field. Two of the
quark types (labeled # and d) and their
corresponding antiquarks (7 and d) are
thought to be comparatively light. Since
there are four ways to make a quark-an-
tiquark pair from these objects (ui, ud,
dit and dd), it would seem there should
be four mesons of comparatively low
mass. Three such mesons have been
known for many years: they are the neg-
ative, positive and neutral pi mesons, or
pions, which have masses equivalent to
an energy of about 140 million electron
volts. The fourth light meson, which
seems to be an inescapable prediction of
the theory, has never been found.

There is another particle, however,
that could fill the role. It is the eta me-
son, and it has all the appropriate prop-
erties except one: its mass is about 550
million electron volts. The introduction
of instantons has now explained the
anomaly of the eta meson’s mass. The
instantons appear as excitations, local-
ized in space and time, in the gauge field
that binds the quarks together. They al-
ter the distribution of mass among the
mesons because they have different ef-
fects on the various quark combina-
tions. Roughly speaking, an instanton is
transparent to a pion, but it acts as an
obstacle to the propagation of an eta
meson and thereby increases its effective
inertial mass.

olitons and instantons are the off-

spring of field theories that can be
forbiddingly complex, yet they have a
rich and elegant mathematical struc-
ture. Indeed, physicists investigating
solitons have discovered that mathe-
maticians have been studying equiv-
alent objects for many years entirely for
their geometrical interest. Mathemati-
cal analysis and physical intuition have
forged powerful tools to expose the na-
ture and properties of the soliton.
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The Source of the Earth’s
Magnetic Field

The source 1s believed to be a dynamo set up by the ponderous flow

of matter in the earth’s core, but what drives the flow? It may be

the gravitational energy released by the sinking of heavy material

by Charles R. Carrigan and David Gubbins

t has been known since 1600 that the
I earth as a whole is a magnet, but the
source of the magnetic field is still
not fully identified. The source is not
permanently magnetized minerals in the
earth; most of the planet is much too hot
for any magnetic material to retain its
magnetism. Furthermore, permanent-
ly magnetized minerals cannot move
about rapidly enough to account for
the known long-term changes in the
strength, direction and pattern of the
earth’s magnetic field. The analysis of
earthquake waves indicates that at least
part of the earth’s core is fluid, and it is
almost universally believed the ponder-
ous flow of matter in the core generates
electric currents, which in turn induce
the magnetic field.

There is little agreement, however, on
how the metallic fluid in the core flows,
on what energy source drives the fluid’s
motion and on how that motion gives
rise to the magnetic field. Because the
core cannot be scrutinized directly and
because its high temperatures and pres-
sures cannot be reproduced easily in the
laboratory these questions are hard to
answer. Nevertheless, answers are start-
ing to emerge from a combination of
innovative theoretical and laboratory
approaches. Such answers suggest that
the core-fluid motions might be driven
by gravitational energy liberated by the
migration of heavy materials to the cen-
ter of the core and of light materials to
the outside of the core.

Only a few things are known with any
certainty about the earth’s core and its
magnetic field. Seismological, or earth-
quake-wave, data indicate that the core
consists of a giant metallic sphere about
the size of the planet Mars. Under nor-
mal conditions the core fluid conducts
heat and electricity much better than
copper does, and it probably has about
the same viscosity as water. With a
mean radius of 3,485 kilometers, the
core constitutes about a sixth of the
earth’s volume and about a third of its
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mass. The density of the core varies
from a minimum at its edge of nine
times the density of water to a maxi-
mum at its center of 12 times the density
of water. The density estimates com-
bined with hypotheses about the origin
of the solar system suggest that the core
is composed mostly of iron and nickel
with a trace of lighter elements such as
copper, sulfur and oxygen.

At the center of the core lies an inner
core whose seismic properties are some-
what different from those of the sur-
rounding region. With a radius of 1,220
kilometers, the inner core is about two-
thirds the size of the moon and unlike
the outer core is probably solid. Pres-
sures at the center measure in millions
of atmospheres, and at those pressures
the melting point of iron lies between
3,000 and 5,000 degrees Kelvin.

he easiest way to get an idea of the

strength and direction of the earth’s
magnetic field is to study the behavior of
a compass needle. The strength of the
field, as measured by the force needed to
deflect a needle from its preferred direc-
tion, is extremely small. The maximum
field of .3 gauss, near either the North
Pole or the South Pole, is several hun-
dred times weaker than the field be-
tween the ends of a toy horseshoe mag-
net. The needle tends to point along
north-south arcs around the earth, but in
few places does it point precisely to geo-
graphic north, which is one end of the
earth’s axis of rotation. Instead its direc-
tion varies sporadically from region to
region, so that the field is seen to consist
of irregular eddies.

The general north-south alignment of
the lines of magnetic force with the
earth’s axis of rotation suggests that the
field is mainly a dipole (the field that
would be created by a loop of electric
current in the plane of the Equator). The
field, which is tilted at an angle of 11
degrees to the axis of rotation, is not a
perfect dipole. The field cannot be de-
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scended from a magnetic field of the pri-
mordial earth because the electrical
conductivity of the core material is too
low. Without a constant supply of ener-
gy the electric currents maintaining the
field would have died out in less than
10,000 years. And the field has clearly
existed for a much longer time.

Since the 17th century elaborate
charts of the strength and direction of
the magnetic field at points all over the
earth’s surface have been made for the
purposes of navigation at sea. Such
charts provide a detailed record of the
secular (long term) variations in the field
over the past four centuries. The charts
reveal two major trends in the secular
variations: first, a slow but steady de-
crease in the intensity of the main dipo-
lar field at a rate such that if it contin-
ued, the field would vanish altogether in
3,000 years, and second, a slow wester-
ly drift in the field’s irregular eddies
amounting to one degree of longitude
every five years. The drift suggests that
fluid in the core is moving at a rate of
about one millimeter per second, or
about 100 yards per day.

Rocksinthe earth’s crustalso provide
information about the magnetic field.
The rocks serve as records of how the
strength and direction of the field have
evolved over geologic time. In paleo-
magnetic experiments the rocks’ age
and permanent magnetization are mea-
sured. From these measurements the
field’s characteristics can be dated, be-
cause the field presumably caused the
permanent alignment of magnetic do-
mains within the rocks at the time of
their formation. Such experiments indi-
cate that the earth has had a significant
field for at least 2.7 billion years, a pe-
riod that spans a substantial fraction
of the earth’s 4.6-billion-year existence.
During all this time the field has fluc-
tuated in magnitude and every million
years or so has reversed its direction.

Any hypothesis about the source of
the field must account for its mainly di-



polar form, its slow decrease in strength,
its westerly drift and its pole reversals. It
is difficult to form a reasonable hypothe-
sis because the 3,000 kilometers of mat-
ter that lies between the earth’s surface
and the top of the earth’s core obscures
what the field is really like at the site of
its origin in the earth’sinterior. Near the
core the field is probably about 10 times
stronger than it is at the surface. In addi-
tion the field there is probably much
more complicated than the surface di-
pole and is probably changing at a much
faster rate.

Such rapid changes cannot be detect-
ed at the earth’s surface because they
would be filtered out by electrical con-
duction in the intervening mantle. Noth-
ing is known about the intensity of the
field inside the core itself. In particular it
is impossible to detect toroidal fields:
fields whose lines of force lie parallel to
spherical surfaces. Theoretical consid-
erations indicate that toroidal fields, of
which the simplest type has the form of
aring, are very likely present and may
be much stronger than the surface di-
pole. The impossibility of directly de-
tecting toroidal fields is a major obstacle
to constructing models of the fields in
the core.

Today only one model of the core has
survived: the “self-sustaining dyna-
mo” model, developed in the 1950’s by
Walter M. Elsasser of the University of
California at San Diego and E. C. Bul-
lard of the University of Cambridge. A

dynamo is any machine that converts
mechanical energy into electrical ener-
gy. A simple example of such a machine
is the disk dynamo invented by Michael
Faraday. He put a bar magnet under the
edge of a copper disk mounted on a
spindle. When the disk was spun on the
spindle, a small current was generated in
the disk by its motion through the mag-
net’s field. Because the current exerts a

ROTATING PLASTIC SPHERE that con-
sists of a smaller solid sphere (pink) surround-
ed by water is a model of possible fluid mo-
tions in the core of the earth that give rise to
the earth’s magnetic field. To generate buoy-
ancy forces a temperature gradient of one de-
gree Kelvin was imposed between the inner
sphere and the outer one. When the buoyancy
forces are just strong enough to drive the fluid
against the retarding effects of forces result-
ing from viscosity, the fluid motions are high-
ly ordered small-scale circulations that take
the form of long, slowly turning rollers that
are aligned parallel to the rotation axis of the
sphere (top). When the temperature gradient
is increased, the buoyancy forces are strong
enough to drive circulations throughout the
entire fluid (botfom) rather than throughout
only a thin layer adjacent to the inner sphere
(top). Microscopic platelets were added so that
the circulations could be seen in these photo-
graphs. Original model was built by Friedrich
H. Busse and one of the authors (Carrigan) at
the University of California at Los Angeles.
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force in opposition to the disk’s motion,
the disk slows down. In short, rotation-
al mechanical energy is converted into
electrical energy.

In a self-sustaining dynamo such as
the earth’s core the generated electric
currents serve to reinforce the magnetic
field so that no external magnetic-field
supply is needed beyond that which
originally triggered the dynamo. A sim-
ple example of a self-sustaining dynamo
is a Faraday disk dynamo where the bar
magnet is replaced by a coil of wire.
When an electric current is fed through
the coil, a magnetic field identical with
that of a bar magnet will be created.
Hence the coil induces a current in the
disk in exactly the same way that a bar
magnet does. If the current induced in
the disk is fed back into the coil, the
magnetic field will be sustained, provid-
ed the disk is kept spinning.

The earth’s dynamo is self-sustaining:
after having been started with a magnet-
ic field that could be very small, the dy-
namo will generate its own field without
any external supply of magnetism. The
earth’s dynamo could have been initial-
ly activated by the small magnetic field
that permeates the entire galaxy. The
dynamo mechanism would then take
over and generate a much stronger field

A

of its own. Although the metallic liquid
in the earth’s core obviously does not
resemble a solid disk, it could in princi-
ple flow in such a way that it would act
as a mechanical dynamo.

The crucial question is how the core
liquid flows to act as a dynamo. Al-
though a self-sustaining dynamo does
notrequire a constant supply of magnet-
ic field, it does require a constant supply
of mechanical energy to keep the con-
ducting material moving. In the case
of the earth’s core this means not only
that the metallic fluid must flow in the
right manner but also that some ener-
gy source must sustain the flow.

t is time now to consider in detail a

possible mechanism by which the
magnetic field is generated. Some form
of convection initially stirs the core
fluid, which then moves in dynamo fash-
ion because of the forces due to gravity,
magnetism and rotation. Rotation clear-
ly must play a fundamental role in the
origin of magnetic fields, since not only
the earth but also other planets, the sun
and other rotating stars have magnet-
ic fields that are aligned or related to
their axis of rotation. The connection
between magnetism and rotation is so
striking that in the early part of this cen-

EARTH’S CORE, whose radius is 3,485 kilometers, constitutes about a sixth of the earth’s
volume and about a third of its mass. At the center of the core lies a solid inner core whose radi-
us is 1,220 kilometers. The flow of matter in the liquid outer core could generate electric cur-
rents, which in turn could generate field of the earth. Colored lines represent lines of force.
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tury many physicists, including Albert
Einstein, contemplated a new physical
law that would require every rotating
mass to give rise to a magnetic field.
Talk of such a law was finally aban-
doned in the 1950’s because of two cru-
cial experiments. P. M. S. Blackett of
the Imperial College of Science and
Technology failed to find a magnetic
field around a rotating gold cylinder.
And S. K. Runcorn of the University of
Cambridge measured the strength of the
earth’s magnetic field at different depths
in a mine shaft and failed to detect the
characteristic values such a law would
predict.

It is now fairly certain that rotation is
linked to the origin of the earth’s field
through the Coriolis force that rotation
exerts on the core fluid. The Coriolis
force acts on any mass moving with re-
spect to a rotating frame of reference.
The mass is accelerated in a direction
perpendicular to its motion. In the at-
mosphere and the oceans the Coriolis
force is responsible for large-scale cy-
clonic motions of air and sea currents.
The Coriolis force,however, can change
only the direction of currents. It cannot
change their speed because it acts only
perpendicularly to the direction of flow,
and so it cannot drive currents against
the retarding effects of other forces.

Gravitational buoyancy is most likely
to be the force that actually drives the
motion. It causes less dense materialina
dense fluid to float or convect upward.
Gravitational buoyancy is the force that
moves atmospheric currents, ocean cur-
rents and even continents. This force
can also generate radial fluid mo-
tions, whose presence in the core is re-
quired by theoretical considerations of
the earth’s magnetic field. The buoyan-
cy forces responsible for convection de-
pend on density differences that can re-
sult from variations in the fluid’s tem-
perature and composition. Convection
tends to redistribute the material in the
fluid so that buoyancy vanishes. For the
fluid to continue circulating, buoyancy
forces must persist, and such forces can
be maintained either by a continuous
source of heat or by a continuous source
of less dense material. In other words,
since buoyancy forces do mechanical
work, an unceasing supply of energy is
needed to maintain them.

Geophysicists are now at the stage
where they are trying to construct ide-
alized models of the earth’s core that
exhibit some of the core’s important
features. The nature of convection in
rotating fluids that are permeated by
magnetic fields is under study. Friedrich
H. Busse of the University of California
at Los Angeles developed an idealized
fluid-dynamical model in order to ana-
lyze the effect of a radial variation in
temperature on a rapidly rotating fluid
sphere. Like the gravitational field in the



SECULAR VARIATIONS, or long-term changing eddies, in the
magnetic field of the earth are indicated by the differences in the con-
tours on these two maps of the world. The contours plot the rate of
change in minutes of arc per year of the deviation of a compass nee-
dle from geographic north. The upper map shows the contours in
1912, the lower map the contours in 1942. A contour labeled with a

positive number (black) indicates the rate at which a compass nee-
dle on the contour moved away from geographic north, a contour la-
beled with a negative number (color) the rate at which a needle on the
contour moved toward geographic north. For example, on the North
Island of New Zealand in 1942 a compass needle would have moved
away from geographic north at five minutes of arc (+5) each year.

earth’s core, the gravitational field in the
sphere pointed inward toward its center.
This early study ignored the effects of
magnetic fields and dealt only with the
effects of rotation on fluid flows that
were driven by gravitational buoyancy
resulting from temperature differences.
Such results, however. should hold for
other sources of buoyancy as well. Bus-
se's theoretical calculations indicated
that for sufficiently large temperature
variations the buoyancy-driven flows
are highly ordered by rotation and could
give rise to the motions required for a
dynamo.

On the basis of this analysis Busse and
one of us (Carrigan), who was then
(in 1973) a graduate student, set up a

laboratory model of buoyancy-driven
flows. The model consisted of a rapidly
rotating plastic sphere that was filled
with water, whose relevant properties
supposedly match those of the core
fluid. When the sphere was rapidly spun,
the water “felt” the Coriolis force, just
as the core fluid does. The sphere’s small
mass meant that its own gravitational
force was negligible compared with the
centrifugal force exerted on the fluid as
a result of the rapid rate of rotation. In
the earth’s core, on the other hand, the
gravitational force far exceeds the cen-
trifugal force resulting from the core’s
daily rotation. It turns out that when the
Coriolis force is as large as it is in the
model, the model’s strong centrifugal
force serves to adequately simulate the
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effects of the core’s strong gravitational
force. Buoyancy could then be intro-
duced in the model by the imposition of
aradial temperature difference between
the inner and the outer sphere.

How well the model represents what
is going on in the core depends on how
well the important forces can be scaled
down while the correct proportions are
maintained among them. If the labora-
tory model is spun fast enough, the mo-
tion of the water in the sphere may re-
semble the motion of the iron in the
core. As with any scale model, the im-
portant parameters are the ratios of the
various forces that are present. In fluid
dynamics the ratio of the viscous forces
to the Coriolis force is called the Ekman
number. In the earth’s core the Ekman
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FARADAY DISK DYNAMO generates electric currents (colored arrows) when a copper disk
is turned through the magnetic lines of force of a bar magnet (top) or a coil of wire (bottorn). In
a self-sustaining dynamo (botftom) the generated electric currents serve to reinforce the mag-
netic field of the coil so that no external supply of magnetism is needed beyond that which orig-
inally served to trigger the dynamo. The metallic liquid in the core of the earth is believed to
flow in such a way as to act as a mechanical dynamo in generating magnetic field of the earth.
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number may be as small as 10-15 because
of the fluid’s low viscosity and large-
scale motions.

Whereas the viscosity of the water in
the model may be comparable to the
viscosity of the liquid in the core, the
dimensions of the spheres in the model
are of course millions of times smaller.
Because of the small size of the model
spheres viscous forces would dominate
the Coriolis force if the model rotat-
ed only once per day, as the earth does.
For the Coriolis force to be sufficient-
ly strong compared with the viscous
forces, or in other words for the Ekman
number of the model to approach the
Ekman number of the earth’s core, the
model must spin about 500 times per
minute, or about a million times faster
than the earth spins.

To preserve the correct ratio of buoy-
ancy forces and viscous forces a tem-
perature gradient of one degree K. was
imposed between the sphere’s center
and its outside. If the buoyancy in the
model had been too small, the water
would not have circulated, because the
driving forces would not have been
large enough to overcome the retard-
ing forces. If the buoyancy is just large
enough for the water to start moving,
the flow is confined to a narrow cylindri-
cal region whose axis coincides with the
sphere’s axis of rotation. The flow with-
in the cylindrical region consists of high-
ly ordered small-scale circulations that
take the form of long, slowly turning
rollers aligned parallel to the rotation
axis. The arrangement of the rollers re-
sembles the arrangement of rollers in a
machine bearing.

Theroller appearance of the fluid mo-
tions is explained by a theorem of fluid
dynamics. The theorem applies to rotat-
ing fluid bodies where the Coriolis force
is much larger than other forces, such as
those resulting from viscosity, buoyan-
cy and the fluid’s inertia. In that case
only forces arising out of fluid-pressure
differences are large enough to coun-
teract the Coriolis force. The pressure
forces are “‘conservative” in one sense:
they cannot change the fluid motions
along the direction parallel to the axis of
rotation. In other words, if the rotating
body were cut into thin slices at right
angles to the rotation axis, then the theo-
rem requires that the lines of flow in one
slice be identical with the lines of flow in
any other. In particular a cross-section-
al slice of the roller-circulation pattern
would look like the patterns in the slices
directly above and directly below it.

In a spherical body such as the earth’s
core or the model, however, the
spherical boundary prevents the flow
from being identical in every cross sec-
tion perpendicular to the axis of ro-
tation. The boundary at each end of a
roller is oppositely sloped. and so to an
observer of the model outward circula-
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CORIOLIS FORCE, which acts on any mass moving with respect to
a rotating frame of reference, may give rise to large-scale cyclonic
motions of the fluid in the core of the earth. A merry-go-round that
rotates counterclockwise as seen from above illustrates the effect of
the Coriolisforce. In the drawing at the left a man at P tries to throw a

ball to a man at Q. The motion of the man at P (short arrow), how-
ever, causes the ball to head in the direction PE. In the drawing at
the right the man at P has moved to P’, the man at Q has moved to Q'
and the ball has moved to E. To observers on the merry-go-round
ball appears to have moved on a curve as a result of a force acting on it.

tion in the roller causes the fluid near
the boundary to be pushed upward in
the lower hemisphere and downward
in the upper hemisphere. On the other
hand, in the equatorial cross section the
fluid motion is perfectly horizontal.
Although viscosity in the model is
small, its effect on the balance between
the pressure differences and the Coriolis
force is enough to allow the existence of
roller circulations. In the core, however,
the viscosity is too small to have any
such effect, although the magnetic fields
might upset the force balance in a simi-
lar way. Viscous forces and magnetic
fields also influence the diameter of the
roller circulations. In the model the roll-
ers have a diameter of about 10 percent
of the sphere’s radius for a fluid with the
viscosity of water. If the viscosity is in-
creased, the rollers become fatter. In the
core, where the effect of viscosity is neg-

ligible, the diameter of the rollers would
be an even smaller fraction of the core
radius. The experiment does not indi-
cate, however, whether or not the mag-
netic field would act as viscosity does in
making the rollers fatter. In fact, the ab-
sence of magnetic fields is a serious limi-
tation of this model.

Suppose now the rotating sphere was
filled with a liquid metal such as mercu-
ry or sodium instead of water. Would
the sphere then generate its own mag-
netic field? The answer is no. Any elec-
tric current that was fed into the fluid
would die away in a fraction of a sec-
ond, which is too short a time for dyna-
mo action to take effect. On the other
hand, electric currents in the earth’s core
can last for about 10,000 years without
having to be regenerated, and that is
a long enough time for the ponderous
core-fluid motions to act as a dyna-

mo. The lifetime of electric currents in a
body is proportional to the square of the
body’s radius multiplied by its electrical
conductivity. Because the conductivities
of the model and the earth’s core are
roughly the same, it is the vast difference
between the radius of the model and the
radius of the core that explains why cur-
rents in the core can last 1017 times long-
er than currents in the model. For the
model to have a chance of working it
would have to be scaled up to the size
of the core. Alternatively, the model
would also work if it consisted of a fluid
whose conductivity approached infinity.
In that case the model could operate
successfully at its present size.

With the failure of laboratory experi-
ments to model the effects of magnetic
fields geophysicists have turned their
attention to theoretical considerations.
The recent theoretical work of G. O.
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NONROTATING SYSTEM is not affected by the Coriolis force.
Fluid simply flows outward from regions of high pressure (¢) and in-
ward toward regions of low pressure (b). In a rotating system such as
the earth’s core the Coriolis force deflects the flow to the right in the

upper hemisphere. When the Coriolis force (colored arrows) cancels
the pressure forces (black broken arrows), the fluid circulates around
regions of high pressure (c) and regions of low pressure (d). This phe-
nomenon accounts for the roller circulations in model of earth’s core.

123

© 1979 SCIENTIFIC AMERICAN, INC



Freé Offer
from Pella.

An idea book
about the window
that’s easiest
to wash.

16 pages in full color packed with interesting
examples of how the right windows can add
beauty and liveability to your home. Tells how
Pella Wood Windows make washing easier,
cut energy costs and need no painting. Con-
tains a helpful guide to different window types,
and how each works. Describes the important
things to consider in proper
placement of windows. In
short, it contains everything
you need to know to make an
intelligent decision about
windows. And it's yours free!

Please send me a free copy of
“Pella Window and Door Ideas.”

Nama —

Address

City

State 2IP

Telephone

Mail to: Pella Windows & Doors, Dept .C178g,
100 Main St., Pella, lowa 50219.

Also available throughout Canada
This coupon answered within 24 hours

© 1979 Rolscreen Co.

Only Pella offers itall.

124

Roberts of the University of Cambridge
and of other investigators shows that
fluid motions can generate a magnetic
field if they possess a net “helicity”: the
degree to which flow streamlines are
twisted into either right- or left-handed
coils. Net helicity arises whenever there
are more coils in one direction than
there are in the other. In the laboratory
model helicity arises in the rollers be-
cause of the flow induced by the spheri-
cal boundaries. On the basis of the sim-
ilarity between the fluid motions in
Roberts’ theoretical work and the fluid
motions in the laboratory model, Busse
demonstrated that convection patterns
could generate a field that was mainly a
dipolar one. Moreover, he proved that
by virtue of the dynamo action of the
fluid motions the magnetic field could
increase substantially from a small ini-
tial value.

Imagine now that a laboratory experi-
ment was set up in which a magnetic
field grew in intensity from a microscop-
ic size. Initially the conducting fluid in
the experiment would not be affected by
the magnetic field because initially the
field would be too small. As the magnet-
ic field grew, however, it would influ-
ence the fluid motions. It is a fundamen-
tal principle of electricity and magnet-
ism that a magnetic field exerts a force
on a conductor in opposition to the con-
ductor’s motion. If the earth’s dynamo
were a simple disk dynamo driven by a
handle attached to a spindle in the cen-
ter of the disk, the handle would become
increasingly difficult to turn as the mag-
netic field put up increased resistance.
The magnetic field would suppress the
conductor’s motion until an equilibrium
was reached in which the field achieved

é_

asteady value. In a fluid conductor such
as the earth’s core, however, there is an-
other degree of freedom: the direction
of flow. The magnetic field could also
alter the fluid’s direction and so change
the flow pattern. Such changes in di-
rection could reduce the dynamo effect
even though the speed of the fluid might
not decrease.

Because a laboratory model in which
the field grows from a microscopic
size has not yet been constructed it is not
known how a steadily increasing mag-
netic force would change the flow pat-
tern. This is the subject of the continuing
work of Busse and of P. H. Roberts and
his co-workers at the University of New-
castle upon Tyne. Busse has calculated
the changes in the fluid’s speed and
direction by supposing the magnetic
forces are small, whereas P. H. Roberts’
group is concentrating on what happens
when those forces are large.

If the magnetic forces turn out to be
large, the flow pattern may be drastical-
ly altered. In the hypothetical model the
flow pattern of vertical rollers would
probably become coarser. There would
be fewer but larger rollers, and sudden-
ly, when a critical field strength was
reached, the pattern would change to
one of large-scale motion, mainly in
the horizontal direction. Little is known
about this possibility, but the magnetic
field would probably be large and toroi-
dal. The field would lie in a ring within
the spherical model. What actually hap-
pens in the earth’s core depends on the
equilibrium field strength and on many
other factors that have not yet been
studied.

The existence of a large toroidal field
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TEMPERATURE GRADIENT in the model of the earth’s core shown in the photographs
on page 119 is maintained by the heating system shown in this highly schematic diagram. In the
model the temperature increases as the distance from the center increases. Such a temperature
gradient, which is the opposite of the gradient in the core, is designed to compensate for differ-
ences between gravity in the core and centrifugal force that substitutes for gravity in the model.
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is the basis of an account of secular vari-
ation worked out by Raymond Hide
of the United Kingdom Meteorological
Office and S. I. Braginsky of Moscow M.
V. Lomonosov State University. They
maintain that under the influence of
both rotation and a magnetic field the
core fluid could support waves with pe-
riods on the order of thousands of years.
Their account suggests that the west-
ward drift of the magnetic field might be
a wave phenomenon. Just as the ad-
vance of an ocean wave does not involve
the forward motion of the water itself,
so the westward drift of the magnetic
field need not imply that the entire core
is rotating with respect to the mantle if
the movement is a wave motion. Hide
and Braginsky’s account applies only if
the toroidal field is strong, and so this is
one of the more compelling reasons for
believing in the existence of a strong
field.

Any successful account of geomagne-
tism must explain what caused the pole
reversals at various times in history. Pa-
leomagnetic work suggests that during
a reversal the dipolar field first decays
in intensity for roughly 10,000 years,
then suddenly changes polarity and fi-
nally grows slowly in intensity again.
The other possibility, that the dipole
swings over while maintaining the same
strength, is not supported by the paleo-
magnetic data. The mathematical equa-
tions that describe core dynamics re-
main the same when the sign of the
magnetic field is changed, so that the
dynamical state of the core is the same
in both the normal and the reversed
state. No one has developed an expla-
nation of why the sign reversals take
place. The apparently random reversals
of the earth’s dipolar field have re-
mained inscrutable.

Disk dynamos might shed some light
on the reversal phenomenon, because
under certain circumstances they exhib-
it apparently random reversal behavior.
The reversals arise because of coupling
among various parts of the disk dyna-
mo’s electric circuit. Such coupling is
similar to that among pendulums that
are attached to a common support. For
example, if three pendulums, spaced a
short distance apart, are hung from a
horizontal string and one of them is set
swinging, then eventually the other two
will start swinging. At certain times one
of the pendulums may even stop for a
short period as energy sloshes back and
forth among the three of them. Al-
though the behavior of the pendulums
is deterministic (that is, future motions
can be calculated from initial condi-
tions and the laws of dynamics), on-
lookers see an apparently random ex-
change of kinetic energy among them.
By the same token disk dynamos give
rise toreversals that appear to be random
but are actually deterministic. There
are mathematical similarities between
fluid dynamos and disk dynamos, and
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so the apparently random reversals in
the earth’s magnetic field could be de-
terministic too. The formidable com-
plexity of the mathematical equations
that govern fluid dynamos has so far
prevented physicists from searching se-
riously for reversing models.

A different but commonly entertained
account of pole reversals suggests that
the fluid dynamo “switches off” for a
while, allowing the dipolar field to de-
cay, and then “switches on” again, gen-
erating a field that happens to grow in
the opposite direction. Although this ac-
count does not contradict the available
information, it seems contrived. There
is no reason to believe the core remains

on” for the million years between re-
versals but turns “off ” for the few thou-
sand years during which the poles re-
verse. It seems more likely the reversals
are a natural feature of a dynamo that is
constantly working to generate magnet-
ic fields, as the disk dynamos are.

Over extremely long periods of time
the character of the pole reversals has
changed. For example, during the Cre-
taceous period, which lasted from 135
to 65 million years ago, there were no
reversals for more than 20 million years.
Such long-term behavior is presumably
related to fundamental changes in the
driving mechanism of the dynamo or in
the shape of the boundary between the
core and the mantle, but once again
these possibilities have scarcely been in-
vestigated.

It is now time to take a closer look at
possible energy supplies for core-fluid
motions. An energy source is essential
for any buoyancy forces because they
do work against viscous and magnetic
forces. In the laboratory experiment
with the rotating sphere the energy
comes in the form of the heat supplied
to maintain the temperature gradients.
In the earth’s core the situation may not
be quite so simple. There the energy
must have been supplied at a more
or less constant rate for several billion
years. The energy may originate in a va-
riety of forms (gravitational, chemical
and heat), although it will ultimately be
converted into the heat that flows out
into the mantle. The energy supply can-
not be so great as to melt the mantle or
to drive more heat to the earth’s surface
than is actually observed. Such con-
straints turn out to be less trivial than
they may at first appear to be.

Heat energy for thermal buoyancy
could come from radioactivity if
the core fluid contained a large enough
quantity of radioactive elements. The
main heat-producing elements are ura-
nium, thorium and potassium. Theoreti-
cal accounts of the formation of the core
suggest that uranium and thorium tend
to migrate into the mantle and the crust,
leaving behind only trace amounts in
the core. Some workers have suggested,
however, that the core contains an abun-

CARNEGIE-MELLON UNIVERSITY

Program for

Technical Managers

April 16-May 11, 1979

a NEW TECHNOLOGY BRIEFING

for research, development and
engineering management

technical

Carnegie Institute of Technology
Mellon Institute of Science

The greater your management responsibilities, the less
your contact with actual technical work. Yet building an
effective staff of younger professionals and setting effec-
tive technical strategies demands a familiarity with the
latest developments in modern science and engineering.

In response, Carnegie-Mellon University has developed
the Program for Technical Managers. Designed for the
experienced technical executive, the Program is an inten-
sive technology update coupled with a review of im-
portant auxiliary topics such as the law, environmental
issues, OSHA, and product liability.

Increase your capacity to help solve your organization’s
problems.
Technical Managers. For your organization. For the next
20 years of your career.

Make time for the Program for

Call Elizabeth M. Ross (412/578-2207) for information.
Or write Post College Professional Education, Carnegie-
Mellon University, 405 MMCH, Pittsburgh, PA 15213.

PROFESSIONAL

DISCOUNTS

Texas Instruments
electronic colculotor

T1-1750 LCD slsas SR40

T1-25 NEW 21.95 7155 NEW “-

Little Prof T157 NEW 49,

Dataman NEW TI-58 NEW 95.79

TI-5100 TI59 NEW 219.85

TI-5015 NEW PC-100A 147.00

T15050 M MBA 59.

11-5040 PD Bus Anylst 26.95

T1:30 SP TI-Programmer NEW 49,95

Dataclip 2809 TI-1790 NEW 39.85

Ask for TI Dlgulal Watches

HEWLETT PACKARD

HP-10 New... .. $139.95 HP-31E New ....$ 49,95
HP-19C New........ 224.95 HP-32E New .......66.95
HP-29C New... ... HP-33E New 89.95

HP-37E New
HP-38E New 0.
HP-92 New .399.95
HP-97 . ..615.00

We're HP's aulhorlzed lranchlse dealer —all

ies are pr

Also SCM, Olivetti. Casio, I:amm APF, Sharp,

Craig. Sanyo. Record-A-Call, Norelco-Phillips

and more. All at great prices!
Phillips ... $164.00 Sanyo 9908 .. .$289.95
Phillips ........ 245.00 Sanyo 8000A .. . 249.95
WE WILL BEAT OR MEET ANY COMPETITOR'S PIIICE IF HE
HAS MERCHANDISE ON HAND. A/l units shipped in original
factory cartons with accessories according to manu-
facturers' specification. In Calif. call (714) 549-7373 or
CALL (800) 854-0523 (other than CA). BankAmericard/
Visa & Master Charge. Send money order. Pers ck
(2 wks to clear). In CA add 6% sales tax. Add $3.50 min.
shipping charges. WE SHIP AR on request. Subiect to
availability. Send mail orders to DEPT. Sa-2

WRITE OR CALL FOR FREE CATALOG.

enterprises

BETTER BUsIEss PRODUCTS

computigue

3211 SOUTH HARBOR BLVD., SANTA ANA, CA 92704

\_ (714) 549-7373 - (800) 854-0523

HP-80 ....

IS NOW

© 1979 SCIENTIFIC AMERICAN, INC

Plant a THINK TANK anywhere
and watch the minds grow!

home-office-school-park-club-churches-laboratory

1 d

Unigue instr d by university
professors to make learnmg fun 'hfough brain-to-
brain action. Beginning games can be mastered by
young chiidren —final games will challenge intelli-
gent adulls. These are the famous GAMES FOR
THINKERS from WFF 'N PROOF Publishers.

WFF 'N PROOF (logic) 13.00*
QUERIES 'N THEORIES (sci. & lang.) ~ 13.00*
EQUATIONS (mathematics) 10.00*
ON-SETS (set theory) 10.00*
PROPAGANDA (social studies) 11.00*
ON-WORDS (word structures) 10.00*
CONFIGURATIONS (geometry) 6.75*
TRI-NIM (problem solving) 5.75*
REAL NUMBERS (arithmetic) 2.25*
WFF (beginner's logic) 2.25*
QWIK-SANE (topology puzzle) 2.25*
TAC-TICKLE (pure strategy) 1.75*
TEACHERS MANUAL 1.25*
MEDITATION GAME (pure strategy) 2.25*
THINKERS BOOKENDS 16.00°

Complete 13-Kit THINK TANK & Teachers Manual
with Bookends 96.50"
without Bookends 86.50*

*includes postage and handling charges

Order from: WFF ‘N PROOF
1490 VG South Bivd., Ann Arbor, Mi. 48104

Fully guaranteed. Dealer inquiries invited.

Gifts that are a COMPLIMENT to receive!

127




dance of potassium, in which case it
would also have a substantial amount of
the radioactive isotope potassium 40.
The suggestion that potassium is abun-
dant in the core is not widely accepted
because it rests on uncertain assump-
tions about the core’s chemistry and
composition.

A more promising idea is that the
earth is cooling and hence liberating

heat augmented by the latent heat of the
core liquid as it freezes to form the solid
inner core. The thermal capacity of the
core is so great that a steady temper-
ature drop of 100 degrees K. over the
past three billion years would provide
enough heat. For heat to drive the dyna-
mo there must be convection currents
throughout the mantle to carry away the
heat. Cooling also causes the earth to

shrink and hence to lose gravitational
energy. If the contrast in density be-
tween the material of the inner core and
that of the outer core is as large as seis-
mologists think it is, gravitational ener-
gy will be released in considerable quan-
tity. Such energy must ultimately leave
the core as heat and be carried to the
surface by convection in the mantle.
Experimental measurements place an

TOROIDAL MAGNETIC-FIELD LINES are probably present in
the core of the earth. A ring (colored line), which is the simplest type
of toroidal field, is shown in the top drawing at the left. The electric
currents (black lines) that give rise to this field must point radially but
cannot enter the earth’s mantle because it is an insulator. The cur-
rents cannot travel through the mantle, so that any toroidal magnetic
fields cannot be detected at the surface of the earth. The three other
drawings illustrate how fluid motions acting on an initial dipolar field
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could generate large toroidal fields. At the top right a dipolar field
(colored lines) is superposed on a rotating fluid (black lines) whose
speed of rotation varies from point to point in the core. At the bottom
left field lines are pulled out of shape by the nonuniform rotation of
the fluid. The fluid pulls each dipolar field line into a toroidal shape.
At the bottom right other effects on the motions of the fluid cause the
field lines to form rings. This predominantly toroidal field points in
opposite directions in the Northern and the Southern Hemisphere.
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By Jim Howell

It was my first real woodworking project.
My 3-year-old daughter, Becky, had
outgrown her high chair. My wife and I
shopped around for a stool so Becky
could sit at the dinner table. But the
prices shocked us. $40 to buy a rather
skimpy-looking stool...that wasn’t even
finished!

So I decided to try to build the stool
myself. I had just purchased a Shopsmith
Mark V -- a unique 5-in-1 woodworking
tool and I was, quite frankly, anxious to
give it a try.

Now, making a stool “from scratch”
may sound like a simple project -- but
actually, it’s rather complicated. You
have to drill the holes for all the legs at
exactly the same slight angle, so that the
legs taper out perfectly. The seat has to
be beveled and sanded just right for that
professional look. And you sure couldn’t
make nice-looking legs without having a
really fine power lathe!

In short, it’s a project I never would
have dared tackle with my old-fashioned
saw and a few hand tools.

Well, I finished the stool and it was
absolutely perfect! It actually looked a
lot more professional than the unfinished
one we saw for $40. Yet, it cost me only
$11.00 for everything -- the wood, the
glue, and the finish!

My Mark V made it easy. All I did was
set-up for each operation and flip the
switch.

But the real pay-off came when I
proudly presented the finished stool to
little Becky, and told her I'd made it
just for her. I wouldn’t trade the smile
she gave me for a million dollars!

My wife is so impressed with the stool,
she always brags to guests who stop by.
Doing the project from start to finish
gave me a real sense of accomplishment.
That’s the best thing about woodworking
as a hobby - you get back something
valuable for your time!

It was only a stool
for my daughter. ..
but you can’t imagine
how proud I felt
when I gave it to her!

Long before I ever heard about the
Shopsmith Mark V, I had always enjoyed
the relaxation of working with my hands
after a day on my regular job.

But there were an awful lot of *“ do-it-
yourself” projects that I simply couldn’t
handle with the small, hand-held power
tools I owned. WheneverItried a project
with any complexity toit, I'd really botch
it up!

When I read about the world’s only
multi- purpose power tool, the Shopsmith
Mark V, I learned that it contains the
five most needed woodworking power
tools in one single, precision unit.

Getting a table saw, a lathe, a horizontal
boring machine, a vertical drill press,
and a disc sander all combined into a
single tool made sense -- both because of
the big savings in cost compared to
buying five separate tools, and because
of all the space it saved me!

I could see how it would save me a lot
of money, and let me tackle those really
professional-looking projects and home

-
It’s a 34" Power Lathe
with 48" rip capacity

It’s a 12” Disc Sander

1
| Name

It's a 10” Table Saw

repairs I'd always wanted to do! So I
decided to take advantage of Shopsmith’s
30-day no-risk home trial...and I'm sure
glad I did!

I recommend that anyone interested
in a relaxing hobby -- that saves you
money, and pays off in so many ways,
consider setting up a first class wood-
working shop with the Shopsmith Mark V.

Note: The above is a true story. However,
the names have been changed on request.

Raggedy Ann® doll ©Knickerbocker Toy Co.

To receive, by mail, an informative
free booklet, ‘“What to Look for When
You Buy Power Tools”, plus all the
facts about the Shopsmith Mark V
and its “big-job” capabilities-mail
the coupon below. There’s no cost or
obligation for this service. Mail to
Shopsmith, Inc., 750 Center Drive,
Dept. 1795, Vandalia, Ohio 45377.

It's a 16%" Vertical
Drill Press

It’s a Horizontal Boring
Machine

-------------------1

Dept. 1795
' w W@@O 750 Center Dr., Vandalia, OH 45377 :

| Yes, please mail me your Free Information Kit on the Shopsmith [
] MarkV. I understand there is no obligation, and no salesman will visit. (]

] Address

iy

g State

The ShopsmithMark V
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years.
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upper limit of about 4 X 1013 watts on
the average heat flow through the sur-
face of the earth. Most of this heat is
known to have come from radioactivi-
ty in the crust, leaving only about 1013
watts to have originated in the core. If
the core heat has come from the radio-
active isotope potassium 40, the concen-
tration of potassium in the core would
have to be 800 parts per million. It is
more likely that the heat has been sup-
plied by the cooling of the core by 100
degrees K. over three billion years. In
that case the heat would have come
from the three comparable sources we
have mentioned: the drop in tempera-
ture, the release of latent heat as liquid
froze to form the solid inner core and
the release as heat of some of the gravi-
tational energy liberaied Ly ihe siirink-
age of the cooling core. The crucial
question is whether or not 1013 watts is
enough power to maintain the earth’s
magnetic field. This is not much power
for an object as large as the earth’s core.
In fact, it is only about twice the total
rate at which energy is currently being
consumed in North America by human
activities.

Engineers rely on thermodynamic
considerations to assess the ideal ener-
gy conversion in electric-power stations
without knowledge of the power sta-
tion’s turbines or generators, and a simi-
lar assessment can be made for the core
without knowledge of certain aspects of
its interior. In the case of the core it
is estimated that between 109 and 1012
watts of power is lost to the currents that
generate the magnetic field. Depending
on how the core’s dynamo is driven,
an even larger quantity of heat will be
needed to drive it. As with a power sta-
tion that converts heat into electricity,
the efficiency of the core’s dynamo is the
ratio of the electrical heating to the ener-
gy supplied. There is, however, one es-
sential difference between the two sys-
tems: the electric currents in the core
dissipate their heat in the core itself.
Some of that heat could still drive con-
vection currents, in the same way that a
power station could use some of its out-
put to heat its own boilers. On the other
hand, some of the heat might hinder
convection, in the same way that the effi-
ciency of a power station would be im-
paired if its output were used to heat the
cooling towers.

he ideal thermodynamic efficiency

for a heat-driven dynamo is 20 per-
cent, according to the calculations of
George E. Backus at the University of
California at San Diego. He found that
the ideal efficiency was attained by a
disk dynamo driven by an ideal heat en-
gine operating between two fixed tem-
peratures, provided the heat dissipated
inthe coil of the dynamo is fed back into
the heat reservoir of the engine. Unlike
such an engine, however, the earth's
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core is not ideal in any way and so the
efficiency is less than 20 percent. In fact,
the actual efficiency is probably about
5 percent. The reason is that the heat
in the core can be dissipated not only
by convection but also by conduction.
When heat is transmitted by conduction,
the fluid does not move and so conduct-
ed heat does not contribute to dyna-
mo motion. An efficiency of 5 percent
means that for every unit of heat gener-
ated to maintain the electric currents, 20
times as much heat must travel from the
core into the mantle. As a result heat-
driven dynamos could at best generaté a
small magnetic field, but certainly not a
large toroidal field of the kind required
by Hide and Braginsky’s account of sec-
ular variation.

The poor performance of thermal dy-
namos led Braginsky and then one of us
(Gubbins) to examine gravitational en-
ergy as a power source alternative to
heat. Some of the gravitational energy
that is lost by the contraction of the
earth appears as compressional heating,
but the amount of such heat is very
small. Estimates of the difference in
density between the solid material of the
inner core and the liquid of the outer
core have been made from seismologi-
cal measurements by T. G. Masters of
the University of Cambridge. Although
these estimates are crude, they definitely
do not allow a difference in density of
less than 20 percent. This means that the
solid inner core consists of a greater pro-
portion of iron and nickel than the lig-
uid of the outer core.

Astheliquid freezes, iron will migrate
into the solid inner core as light materi-
als stay behind in the liquid outer core
and provide buoyancy. Convection cur-
rents will stir the fluid and so uniformly
redistribute the light material. The grav-
itational energy that is lost through this
redistribution can be transformed into
heat energy by electric heating, by vis-
cous heating and by the molecular diffu-
sion of the light material through the
main body of the liquid. The properties
of liquid iron are such as to make elec-
trical heating the largest of these effects,
because both the viscosity of iron and
the diffusion rates of the light materi-
als are low. The magnetic field can be
regarded as a medium for converting
gravitational energy into heat.

What is striking about the gravitation-
ally powered dynamo is that under cer-
tain conditions it is almost 100 percent
efficient. Most of its energy goes into
generating the magnetic field. Such a
model is much more satisfying than the
heat-driven dynamo, where so much en-
ergy is wasted. A gravitational energy
source could generate magnetic fields of
hundreds of gauss without pushing too
much heat into the mantle. It seems like-
ly that gravitationally powered dyna-
mos will play a significant role in future
models of the core.



SMC, or sheet molding compound, is a stiff,
lightweight plastic composite consisting of resin, pow-
dered filler, and randomly oriented chopped fibers.
With the continuing trend toward lighter automotive
materials, SMC is becoming a promising replacement
for steel.

But can this plastic compete with metal? In light
duty it can. In fact, thanks to redesigning, some SMC
parts outrival their steel counterparts.

However, for structural application where stiff-
ness is paramount, redesigning the part may not be
enough. That’s why engineers here at the General
Motors Research Laboratories addressed the problem
of “redesigning” the material, too.

The challenge was an imposing one: For a given
use, find what ratio of which resins, fillers, and fibers
provides the best mix for minimizing weight without
adversely affecting stiffness and cost. And do it ana-
lytically. (Blending and testing would take forever.)

So our engineers modeled the resin-filler-fiber
system. Then using micromechanics theories for
calculating the stiffness of resin + filler and of resin
+ fiber, they devised a mathematical procedure
that predicts the stiffness of any blend of all three

components. This unique analyti-

cal tool has two potent
capabilities. It enables
| designers to determine
an SMC composition that
| meets structural and cost
| goals — in other words,
| to tailor the material to
the need. And it aids our
| engineers in exploring
the cost-effectiveness of
lighter, stiffer compo-
nents such as glass mi-
%0 o1 o2 o3 o4 oscrosphere fillers and
Fiber Weight-Fraction carbon fibers.
Mathematical analysis: the best way of
designing a material having endless combinations of
ingredients.

EFFECT OF FIBER TYPE ON SMC

Relatve Elastic Modulus

o

We currently have openings for Ph.D.s in engineering
or the physical, mathematical, or biomedical sciences. If in-
terested, please send your resume to: GMR Personnel, Dept.
210. An Equal Opportunity Employer.

We've set the
stage For SMC
combaos to
perform better.

General Motors
@ Research Laboratories

Warren, Michigan 48090
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Physician, did you miss any of these
significant developments in medical science?

o The lidocaine level in the blood may fall
below the therapeuticrangewhen the drug is
given as a single bolus followed by a continu-
ous infusion. To avoid a “therapeutic hiatus.’
a second bolus should be given 20 to 30 min-
utes after the first bolus...

o Evidence is mounting that there is wide-
spread over-diagnosis of pulmonary embolism
at a time when heparin, in therapeutic doses,
has become an important cause of drug-relat-
ed death in the relatively well, hospitalized
patient...

o The widely used street drug, phencycli-
dine, appears to cause persisting and possibly
permanent brain dysfunction after repetitive
use...

o There is alarming incidence of acute leu-
kemia which may reach five percent in
patients who appear to have been success-
fully treated with chemotherapy or radiation
therapy for Hodgkin’s disease...

very day medical science evolves in
E ways that affect patient management
and therefore patient well-being. But
with more than 2,000 journals published,
innumerable meetings held and hundreds of
courses given, it is all too easy for develop-
ments that compel change in diagnosis and
treatment to get by even the most conscien-
tious reader and meeting-goer. And since such
discoveries are today’s news, they will not
appear in the standard texts for years.

Left Coronary Artery

Right Coronary Artery -
'“'3'(

His Bundle ~

Fascicle

Right
Bundie Branch

Left Anterior Fascicle

Branches of the right and left coronary arteries
supply blood to the AV node and intraventricular
conduction system.

SCIENTIFIC AMERICAN Medicine is lucidly illu-
strated with drawings and photographs. Some
examples are seen here and on the facing page.

We have a solution to this problem: It is
called SCIENTIFIC AMERICAN Medicine. It
makes such developments accessible to you
when and where you need them, month after
month.

Here is how SCIENTIFIC AMERICAN Medi-
cine works. When you subscribe, you receive
a two-volume, 2,000 page text, organized
according to the familiar subspecialties so
that you know where to find the answers to
your questions.

The authors of SCIENTIFIC AMERICAN Med-
icine are leading authorities from the faculties
of the Harvard Medical School and the Stan-
ford University School of Medicine. These
seasoned scholar-practitioners, close to the
creation of new medical knowledge, write for
you the practitioner, not the student. There-
fore, at the time you receive your copy of
SCIENTIFIC AMERICAN Medicine, you will
hold in your hands the world’s most advanced
text of medicine. As long as you continue to
subscribe it will stay that way.

Each month you will receive several up-
dated chapters. The new chapters which
replace the old chapters contain reports of
the significant advances in medical science
that affect patient management. The index
will also be updated each month. Further-
more, updated material will be summarized
in a monthly bulletin accompanying the up-
dated chapters so that you can quickly scan
the information.

As the updated material is incorporated
into the text, older more familiar material is
deleted. Thus the amount of useful knowl-
edge increases but the number of pages
doesnot.

A Continuing Medical Education Program

For subscribers who wish it, SCIENTIFIC
AMERICAN Medlicine offers at no extra charge
a continuing medical education program
sponsored by the Stanford University School
of Medicine’s Office of Postgraduate Medical
Education and administered by the Educa-
tional Testing Service of Princeton, New
Jersey. The program consists of eight patient
management problems per year, each written
by a member of a Panel of Examiners drawn
from leading clinical institutions. By complet-
ing all eight PMP s in a 12-month period the
subscriber can earn 32 Category 1 credits per
year, from the Stanford University School of
Medicine, toward the AMA’s Physician’s
Recognition Award.

This complete, concise medical knowledge
service is yours for the drop of the accom-
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Genes That Violate Mendel’s Rules

In sexual reproduction the parental genes are continually reshuffled

and thereby exposed equally to the stringent test of natural selection.

Some genes cheat, subverting the process to favor their own survival

hy is sexual reproduction so
; -x / ubiquitous in the living world?
An elaborate biparental meth-
od of procreation is certainly not par-
ticularly efficient. It requires two to do
the work of one, and there are plenty of
asexual reproductive processes, such as
spore formation in some fungi, that are
far more sparing of time and energy.
If sheer numbers were the criterion of
reproductive efficacy, sex would have
been abandoned a billion years ago or
would never have evolved at all.

The great role of sexual reproduction
is an evolutionary one: it shuffles the
genes of two parents to provide the ge-
netic endowment of their progeny, and
thus exposes to the stringent test of natu-
ral selection a maximum diversity of the
characters and capacities represented in
a species. If the system is to work well, if
the testing is to be fair, the shuffle must
be an honest one. It is not always honest,
however. There are genes that cheat,
perpetuating themselves in the popula-
tion by tricking the reproductive process
to work in their own favor.

The cheating is done at the stage of
sexual reproduction called meiosis, the
“reduction division” whereby one male
germ cell divides to form four sperm
cells, each of which has half the normal
complement of chromosomes, and a
comparable process takes place in egg
formation in the female. Meiosis is fol-
lowed by fertilization, which restores
the original number of chromosomes,
and the two processes together consti-
tute the physical basis of Mendelian in-
heritance.

hromosomes come in pairs and
therefore so do the genes, which are
segments of the long thread of DNA
that is the core of a chromosome. In
each individual’s body and germ cells
one member of each homologous chro-
mosome pair has come from each par-
ent. In meiosis the members of each pair
segregate: one or the other of them, cho-
sen at random, is transmitted to a sperm
or egg cell and so to each offspring. The
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various pairs of chromosomes segregate
independently, so that the genes on dif-
ferent chromosome pairs are thorough-
ly scrambled at each meiosis. Moreover,
there is a regular process, called cross-
ing-over, in which the two members of a
pair line up side by side, break at corre-
sponding points and exchange partners.
As a consequence even genes on the
same chromosome are not constrained
to stay together but can participate in
the meiotic shuffle.

The evolutionary advantage of this
shuffling is that it enables genes from
different individuals to come together
and genes that have been together to
separate. By thus scrambling the genes
in every sexual generation Mendelian
inheritance tests all the genes in many
combinations. Genes that increase the
capacity for survival, fertility and the
survival of progeny are retained by the
sieve of natural selection; less effective
genes are lost. Evolution involves the
continuous testing and retesting of gene
combinations and the retention of those
combinations that increase reproduc-
tive success, with the result that the spe-
cies becomes better adapted.

Meiosis ensures a scrupulously fair
test for every gene combination by giv-
ing each gene the same chance as every
other gene of being transmitted to the
next generation. Genes that cheat in
meiosis undermine the system generally
by reducing its fairness. More directly,
such genes usually affect processes other
than meiosis and, like most new mutant
genes, are almost always harmful; for
example, one such gene found in mouse
populations causes tail abnormalities in
addition to meiotic disturbances. Other
cheating genes have been discovered in
corn, lily, tobacco, trillium, rye, mos-
quitoes, grasshoppers and the classical
geneticist’s favorite species: the fruit fly
Drosophila melanogaster. This article will
give an account of one particularly well-
understood set of cheating genes, those
that produce the trait Segregation Dis-
torter, or SD, in drosophilas.

The story begins in 1956, when SD
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was discovered by Yuichiro Hiraizumi,
who was then a graduate student of
mine at the University of Wisconsin and
is now at the University of Texas. Hi-
raizumi was investigating certain genes,
on chromosome No. II of natural Dro-
sophila populations, that affect variabili-
ty. He mated males in which one mem-
ber of each pair of these chromosomes
was the “wild type” from nature and the
other member came from a laboratory
stock, and he traced the chromosomes’
inheritance by noting the distribution
of particular marker genes affecting eye
pigment. The normal drosophila eye has
two pigments, one cinnabar (a bright
scarlet, like the mercury ore for which it
is named) and the other brown. Togeth-
er they give the eye its normal dark red
color. In one mutant form no brown pig-
ment is produced; the eye is therefore
cinnabar and the mutation is called cn.
In another mutation, bw, the cinnabar
pigment is deleted and the eye is brown.
When both mutations are present, as
was the case in Hiraizumi’s laborato-
ry stock, the eye is without pigment
and looks white. Each of the mutants
is recessive, meaning that it has its ef-
fect only when the normal gene, which
would mask it, is absent.

Hiraizumi mated hybrid red-eyed
males (with one natural chromo-
some and one laboratory chromosome
containing both mutations) to females
that had two laboratory chromosomes
and were therefore white-eyed. Because
there is normally no crossing-over in
male drosophilas each transmitted chro-
mosome carried either both mutant eye-
color genes or neither, so that according
to the rules of Mendelian inheritance
half of the progeny should have had
white eyes and the other half should
have had dark red eyes. Hiraizumi did
observe the expected 50 : 50 distribution
among the progeny of some 200 mat-
ings (except for some minor deviations
caused by the variability-reducing mu-
tant genes that were the original object
of the study). Six of the matings, how-



ever, produced very strange results. In-
stead of half of the 100-odd progeny of
each mating being red-eyed, almost all
of them were. The red-eyed proportion
ranged from 95 to 100 percent, and it
was 99 percent or more in most cases.

What had caused six chromosomes,
each descended from a different male in
the wild population, to behave in this

most unusual way? The possibility that
there had been a selective death of
white-eyed progeny early in embryonic
development was quickly ruled out; far
too many of the eggs that were laid de-
veloped into normal adult flies to allow
such an explanation. Hiraizumi also es-
tablished that whatever was skewing the
eye-color ratio had its effect only in the

course of sperm formation, not in egg
formation; when he reversed the sexes in
his mating, so that the females rather
than the males carried the unusual chro-
mosome, all the matings gave rise to the
standard 50: 50 ratio.

The wild flies that were the source
of the unusual chromosomes had been
collected in the fall from a clump of

EFFECT OF SD CHROMOSOME, which subverts the process of
meiosis in the fruit fly Drosophila melanogaster, is to prevent the prop-
er development of half of the sperm heads. Normally the nuclei in a
bundle of 64 immature sperm cells condense to form the heads of 64
sperms, as in the electron micrograph (/eft) made by Robert W. Hardy
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SPERM TALILS also fail to develop properly from half of the imma-
ture sperm cells in a fly carrying the SD chromosome, as is shown
in micrographs made by Tokuyasu. Sections through a developing
tail region are enlarged 10,000 diameters. In a normal fly (left) a tail

of the University of California at San Diego. In flies carrying an SD
chromosome only 32 nuclei show the normal condensation, as in the
micrograph (right) made by Kiyoteru T. Tokuyasu of San Diego; the
others fail to develop normally. In both micrographs a section through
the head region of sperm bundle is enlarged about 17,000 diameters.
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fiber (wheel-like structure) develops in each individualizing sperm
cell; in SD fly (righ?) half of the sperm cells do not individualize nor-
mally. They are sperms that do not carry SD chromosome. It “cheats”
by inducing its h logous chr e to cause sperm dysfunction.
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trees near the airport in Madison: the
strange results appeared during the win-
ter. We were eager to collect more flies
from the same place the next summer,
and we were dismayed to find that the
trees had been cut down and no dro-
sophilas were to be found. Fortunately
flies from elsewhere in nature (including
the bit of nature that is my backyard)
turned out to have the same peculiar
chromosome; indeed, in almost every
natural Drosophila population that has
been studied, from many parts of the
world, from 1 to 5 percent of the No. II
chromosomes carry the SD trait. These
chromosomes have one other peculiari-
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ty that should be mentioned. In virtually
every case they carry at least one inver-
sion, and usually more than one. Inver-
sions (regions in which the genes run in
an order that is the reverse of the normal
order) are not uncommon in Drosophila,
but it is unusual to find two or more on
one chromosome. There must be a rea-
son for the association of the SD trait
and multiple inversions.

If natural Drosophila populations dis-
play this strange chromosome, why was
it not discovered long ago? The main
reason, I think, is simply that there is
ordinarily no visible effect; the only way
the phenomenon can be observed is by
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MEIOSIS, the “reduction division” whereby a germ cell forms four sperms, is diagrammed for

a hypothetical male germ cell (/) carrying only a single pair of hom

1
13

chr 'S, one

from the male parent (color) and one from the female (black). The chromosomes replicate (2)
and then, in the first division, one replicated chromosome goes to each of the two new germ cells
(3). In the second division each strand of each replicated chromosome goes to a different sper-
matid (4); each resulting sperm (5) has one representative of the original chromosome pair. In
a real germ cell containing many chromosomes (four pairs in Drosophila, 23 pairs in human
beings) each pair “segregates” independently; the sperm receives a random mixture of paternal
and maternal chromosomes. A similar process takes place in egg formation. When sperm and
egg fuse (6), the fertilized egg has a random combination of chromosomes from each parent.
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finding unusual inheritance ratios when
crosses are made involving chromo-
somes marked with conspicuous mutant
genes. Perhaps it actually was observed
from time to time by investigators who
attributed the bizarre results to some
kind of experimental error.

Several years before Hiraizumi’s ex-
periment, however, Laurence M. Sand-
ler and Edward Novitski of the Oak
Ridge National Laboratory had sug-
gested on the basis of certain experimen-
tal indications that the rules of meio-
sis might sometimes be violated; they
called such a process “meiotic drive”
and considered some of its theoretical
possibilities. By a fortunate coincidence
Sandler had come to Wisconsin as a
postdoctoral fellow. To our delight Hi-
raizumi’s discovery provided a perfect
example of the phenomenon Sandler
and Novitski had discussed theoretical-
ly. This was the beginning of a close
collaboration between Hiraizumi and
Sandler, who were responsible for the
term Segregation Distorter and for most
of the early understanding of the phe-
nomenon.

By now the SD system has been stud-
ied in a number of laboratories in the
U.S., Japan, Australia and Italy. As I
have mentioned, there is no visible evi-
dence of the SD chromosome on a fly
that carries it; the only noticeable effect
is a distortion of the ratio of progeny
types. In the elaborate experiments re-
quired to analyze the system the chro-
mosomes are therefore always marked
with conspicuous mutant genes such as
the eye-color genes I have described, so
that the chromosomes can be followed
through a complicated series of mat-
ings. I shall omit the details about how
the chromosomes were labeled in vari-
ous experiments and simply report the
results.

One thing that makes it hard to under-
stand how the SD chromosome
gives rise to such a fundamental change
in meiotic behavior is the fact that the
chromosome must somehow inactivate
precisely those sperm cells that do not
contain it. How can that happen?
Sandler and Hiraizumi suggested one
possibility quite early in the game:
While the homologous chromosomes
are still paired up during meiosis, the SD
chromosome might do something to its
normal partner (and rival) that later
causes a dysfunction of the sperm re-
ceiving the normal chromosome. At first
they suggested that SD might actually
break the other chromosome. W. J. Pea-
cock of the Commonwealth Scientific
and Industrial Research Organization in
Australia, working at the University of
Oregon with a graduate student, John
Erickson, was unable, however, to con-
firm the chromosome-breakage hypoth-
esis. Microscopic observation showed



that the chromosomes in SD heterozy-
gotes (cells with one SD chromosome
and one normal chromosome) went
through meiosis unharmed, so that any
disabling effect of SD would have to be
subtler than outright breakage. Peacock
and Erickson put forward a clever alter-
native idea. Some time earlier at Oak
Ridge, Novitski and Iris Sandler had
suggested on the basis of circumstantial
evidence that only two of the four sperm
cells produced in a single meiosis are
functional—even in normal males. Pea-
cock and Erickson thought the SD chro-
mosomes might take advantage of this
by somehow managing to get them-
selves included in the sperm cells that
are destined to be functional.

It would seem to be a simple matter to
distinguish between the two hypotheses,
induced sperm dysfunction and prefer-
ential inclusion. If SD caused dysfunc-
tion of half of the sperm cells, then
males with an $D chromosome should
produce only half as many functional
sperm cells as normal males, and the
reduced sperm production might be re-
flected in reduced fertility. The trouble
is that ordinarily the number of sperm
cells produced by a male fly is much
larger than the number required to fer-
tilize all of a female’s eggs; as a result
the failure of even half of the sperm
cells to function might not reduce fertili-
ty. Daniel L. Hartl, who was then a
graduate student at Wisconsin, Hiraizu-
mi and I found a way to get around the
problem. By mating very young males
(which produce fewer sperm cells than
mature males) or by mating one male
with many females over several days (so
that the male’s sperm supply became ex-
hausted) we made sperm production the
limiting factor determining the number
of progeny. Quite independently and at
almost exactly the same time Benedetto
Nicoletti and Gianni Trippa of the Uni-
versity of Rome did similar experi-
ments. The two groups reached the
same conclusions. Males carrying an SD
chromosome did indeed produce fewer
progeny than normal males and not the
same number, as would be the case if
preferential inclusion were the mecha-
nism. And the number of their progeny
was reduced in just the proportion ex-
pected if the SD chromosome was caus-
ing a dysfunction of the sperm cells that
received the normal, non-SD chromo-
some.

Clinching evidence for a dysfunction
induced by SD came from electron-mi-
croscope studies of sperm maturation.
Nicoletti reported that about half of the
sperm cells in SD males had tails with an
abnormal appearance. Then Peacock,
Kiyoteru T. Tokuyasu and Robert W.
Hardy of the University of California
at San Diego confirmed Nicoletti’s find-
ing and revealed additional detail. They
showed that whereas ordinarily each nu-

, (==
S
/

A
O S

FIRST
DIVISION ,
e

SECOND
DIVISION

>
S Sh

CROSSING-OVER multiplies the gene-shuffling process as is shown in this diagram of the
same hypothetical meiosis as the one depicted in the illustration on the opposite page. In the
course of replication the two members of a homologous pair may break at corresponding points.
Homologous segments change places, so that some paternal genes (color) end up on maternal
chromosome (black) and vice versa (2); individual genes become independent units in shuffle.

cleus in a bundle of 64 immature sperm
cells (derived by two meiotic divisions
from a group of 16 germ cells) becomes
small and dense to form a sperm head,
only half of the nuclei condensed nor-
mally in flies carrying one SD chromo-
some and one normal chromosome. The
effect was even more striking in the tail
region of the sperm cells, which at first
are held together in a single mass of
protoplasm and then normally sepa-
rate to form 64 individual tails. In SD
males only half of the sperm tails were
thus individualized; the rest of them
remained massed in larger groups. The
sperm cells that failed to develop prop-
erly were clearly those that did not con-
tain the SD chromosome. This was es-
tablished by running experiments in
which the males’ non-SD chromosome
was one that is resistant to the effect of
SD. In such males all 64 sperm cells in a
bundle developed normally.

he most obvious deduction from
these results would be that the SD
chromosome somehow injures its non-
SD partner and renders it unable to car-
ry out its usual function. That, however,
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cannot be correct; the failure to develop
cannot be simply the result of the failure
to perform a normal function required
for maturation because it has been
known for a long time that a sperm cell’s
functioning does not depend on its chro-
mosomal content. As long ago as 1927
H. J. Muller showed that a sperm cell
can function normally even if many of
its genes are missing. He produced dro-
sophila strains in which some of the
sperm cells lacked certain chromosom-
al material and some of the egg cells
had a corresponding excess; when these
sperm and egg cells were combined,
“two wrongs made a right,” as Muller
put it, and a normal fly was hatched.
More recently Dan L. Lindsley of San
Diego and Ellsworth H. Grell of Oak
Ridge were able to produce sperm cells
containing only the dotlike chromo-
some No. IV; such a sperm cell, when
it was combined with an egg cell con-
taining complementary extra chromo-
somes, gave rise to a normal fly. Since it
was already known that the fourth chro-
mosome is not needed for sperm-cell
function, the experiment indicated that
sperm function does not require any
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sperm chromosomes at all. The effect of
the D chromosome on its homologue
cannot, then, be simply to inactivate
some function, because no function is
required. SD must somehow induce its
partner to commit a positive act of sab-
otage.

Further evidence came from an anal-
ysis by Laurence Sandler and Adelaide
Carpenter at the University of Washing-
ton. They reviewed the consequences of
a rare error in sperm production by
males with an $D chromosome and a
normal one, as a result of which some
sperm cells carried either both chromo-
somes or neither of them. The sperm
cells with no chromosomes were func-
tional but those with both SD and the
normal chromosome were not, support-
ing the conclusion that SD does some-
thing to its homologue that causes the
homologue in turn to produce sperm
dysfunction. SD perpetuates itself by in-
ducing its partner to destroy itself.

How this normal partner is instructed
by SD to misbehave is not known, nor is
the nature of the misbehavior. There is,
however, one lead to the molecular de-
tails of what goes wrong in the aberrant
sperm cell. During sperm-cell matura-
tion there is normally a chemical change
in the cell nucleus: lysine, one of the
amino acids, is replaced by arginine. In
SD flies this process fails, at least partly.
The way is now open for a chemical

MALE

study that could yield the details. At this
stage one conclusion emerges clearly:
The effect of SD is a complicated one
requiring a number of active processes,
not merely a failure of some normal
sperm function.

Incidentally, it is a good thing (from
the organism’s point of view) that
sperm-cell function does not require
functional genes. If functional genes
were required, it would be much easier
for an SD-like system to get started, be-
cause then all the disruptive chromo-
some would have to do would be to in-
jure its partner enough to prevent its
functioning. As it is the SD chromosome
must do more: it must cause its partner
to become actively harmful to sperm-
cell function. It is always easier to stop
something than to start something new.
Furthermore, if there were genes affect-
ing sperm-cell function, there would be
competition among sperm cells, and a
gene that improved the ability to fertil-
ize would increase in the population. If
such a gene happened also to cause, say,
malfunction of the liver, that would be
just too bad; the gene would increase
anyway, since selection for good health
is much less effective than selection by
competition among sperm cells. What-
ever the evolutionary reason for the
nonfunctioning of genes in sperm cells
may be, the nonfunctioning makes it
more difficult for harmful SD-like sys-
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FRUIT FLY D. melanogaster has four pairs of chromosomes. Chromosome No. II is the site
of eye-color mutations called cn, for cinnabar (solid color), and bw, for brown (black seg-
ment); a corresponding hatched segment indicates the corresponding normal (+) eye-color gene.
The effects of the mutations are shown below. Two normal genes produce normal dark red
eyes. The mutation cinnabar produces scarlet eyes, the mutation brown brown eyes; both mu-
tations together produce white eyes. Female whose chromosomes are shown is white-eyed.
Since normal genes are dominant they mask recessive mutant genes, and so male has red eyes.
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tems to arise and also prevents harmful,
or at best irrelevant, competition among
sperm cells carrying different genes.

Genetic analysis of the SD chromo-
some to locate the relevant genes
and learn how they interact has been
difficult and time-consuming. As I have
indicated, there is no way to recognize
an SD fly by its appearance; SD’s effect
is on the ratios of the progeny, and dis-
torted ratios can be recognized only
when the chromosome is labeled with
mutant marker genes. Moreover, exper-
iments with various strains have some-
times produced inconsistent results.
Finally, gene mapping by traditional
crossing-over methods has been compli-
cated by the inverted gene sequences I
mentioned above, which tend to sup-
press crossing-over. Nevertheless, ex-
periments in my own laboratory and in
others have established that the main
segregation-distortion effect is caused
by two genes that are very close to each
other but that straddle the centromere,
the point where the fibers that pull sister
chromosomes apart during cell division
are attached. Here I shall designate the
genes S, for segregation distorter, and R,
for responder. With a superscript plus
sign to indicate the corresponding nor-
mal genes, there are then four kinds of
chromosome: S-R, S-R+, S*+-R and
S+-R+. The first is the SD chromosome,
with its two components; the last is the
normal chromosome.

The results obtained by mating males
with certain combinations of these chro-
mosomes are particularly revealing [see
illustration on page 141]. The first row of
the table shows once again the high de-
gree of segregation distortion caused by
the SD chromosome. The second and
third rows show that neither component
has an effect by itself; both S and R are
required. The fourth row brings a sur-
prise: when R is only on the partner
chromosome, S is changed from a dis-
torter gene to a suicide gene. The fifth
row shows that the S+-R chromosome is
immune to the distorting effect of S-R.
The S gene must direct the synthesis of
some product that influences the R+
gene on the homologous chromosome
(or, in the suicide case, on the same
chromosome) to prevent that chromo-
some’s sperm cell from maturing prop-
erly. As I have emphasized, the effect
must be a positive act on the part of the
R+ gene.

Barry S. Ganetzky, a graduate student
of Laurence Sandler’s at Washington,
added significant details. He prepared
chromosomes in which small pieces had
been deleted by X rays. When the §
gene was deleted, the distorting effect
was lost; the chromosome behaved as
though the normal gene were present.
And so the S gene appears to be doing
something that was not being done by
any gene on a normal chromosome; the
S+ gene does nothing (or does not exist).
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UNUSUAL RESULTS of the six matings are interpreted here. The
eye-color ratio (almost 100 percent red-eyed) shows that the No. II
chromosome from the natural population, bearing normal eye-color
genes, is viable: it is combining with an egg’s mutation-bearing chro-
mosome and producing the expected red-eyed progeny. The homolo-
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and egg cells are shown. According to the rules of Mendelian inheri-
tance, about half of the progeny should be red-eyed and half white-
eyed. The progeny of each of some 200 matings did show the expect-
ed 50:50 ratio, but progeny of six matings were almost all red-eyed.
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gous male chromosome, however, is apparently not combining suc-
cessfully with a similar egg chromosome to produce white-eyed prog-
eny. The chromosome from the natural population is distorting the
results of segregation. It is a “segregation distorter” (SD) that favors
its own survival by inactivating sperm cells containing its homologue.
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When the R or R+ gene was deleted, the
chromosome behaved as if it carried an
R gene; in other words, the R gene is not
doing anything. To recapitulate: The S
gene produces something that acts di-
rectly on the normal R+ gene; when R+
mutates to R or is deleted, it is no longer
affected by S.

When does this effect of Son R+ take
place? The last time the homologous
chromosomes are in the same nucleus
and can interact easily is during early
meiosis. That is eight or nine days be-
fore the time of sperm maturation, when

=
=

the actual damage appears. Evidence
supporting the time lag came from an-
other experiment. If SDmales are grown
at a temperature of 19 degrees Celsius
rather than the customary 25 degrees,
the amount of distortion is substantially
reduced. This temperature sensitivity
provided an experimental handle for
Elaine Mange, who was then a graduate
student at Wisconsin. She lowered the
temperature at which some flies were
maintained from 25 degrees to 19 for
just a brief period and mated the males
at specified times after the temperature

reduction. It turned out that the progeny
of males mated between eight and nine
days after the low-temperature pulse
displayed less distorted ratios. Since it
takes about that time for a cell to pro-
gress from early meiosis to the mature-
sperm stage, this showed that the tem-
perature-sensitive period is during early
meiosis. These experiments were repeat-
ed carefully and extensively by Yukiko
K. Hihara of Tokyo Metropolitan Uni-
versity, who got the same results. It
appears, then, that the § gene commu-
nicates with or somehow influences the
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EITHER COMBINATION of an abnormal egg and sperm cell con-
taining a deficiency and an excess in the No. II chromosome should
produce progeny, according to the results shown in the upper illustra-

tion on this page. That is not the case when the two chromosomes in
the male are the SD chromosome and a normal No. II chromosome.

140

PROGENY

Although sperm cells with neither the SD nor the normal chromo-
some produce progeny, those with both the SD and the normal chro-
mosome do not. Apparently, then, SD has some positive effect that

its h log chr me to prod sperm-cell dysfunc-
tion, whether or not the SD chromosome is present in same sperm.
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R+ gene on the homologous chromo-
some while the two partners are paired
early in meiosis.

Ganetzky also discovered a third gene
close to the centromere, designated En
for enhancer, that intensifies the distort-
ing effect. The full effect (a progeny ra-
tio of 99 percent or more) of an SD chro-
mosome requires the presence of all
three genes. A multiple-component sys-
tem such as this must have evolved in
stages over a long time. It could have a
disastrous effect on the population, but
it does not seem to. We have been able
to learn quite a lot about its effect on a
population and can make some plausi-
ble conjectures as to its evolution.

Because an SD chromosome is trans-
mitted to almost all the progeny
rather than to just half of them it ought
to spread through a population like
wildfire and quickly replace its homo-
logue. It is clear enough why the SD
chromosome does not in fact reach 100
percent. When a male is homozygous
for SD (has two SD chromosomes), it is
nearly sterile; in some strains such flies
do not even survive. In a fly population
the tendency of the SD heterozygote to
increase through segregation distortion
is countered by the tendency of the SD
homozygote to be sterile or to die. One
can easily compute what the frequency
of $D chromosomes should be in such a
system. The calculations predict a high
frequency: more than 50 percent. And
yet we actually find an SD frequency of
less than 5 percent in natural popula-
tions. Something is holding the frequen-
cy down.

One brake on SD is provided by the
presence of various “modifying genes”
that lower the degree of distortion; such
genes are scattered along all four dro-
sophila chromosomes and are found in
almost all natural populations of the
flies. The most important brake, how-
ever, was revealed by Hartl’s recent
finding that about half of the “normal”
chromosomes in one natural population
are not S+-R+; they are S+-R, and such
chromosomes are immune to distortion
by SD. There has not yet been any exten-
sive analysis of other populations, but
probably they too have a high propor-
tion of S*+-R chromosomes.

I think we can reconstruct what hap-
pened. Somehow, a long time ago, the
S-R chromosome arose. At first it in-
creased rapidly. The increase was off-
set, however, by an increase of normal
chromosomes that are resistant, that is,
of chromosomes with the composition
S+*-R. A three-way competition ensued.
The S-R chromosome’s tendency to in-
crease was held in check by S+-R, which
nullified the former’s meiotic advan-
tage. And of course the $*+-R chromo-
some had an advantage over the other
normal one, S+-R+, which is hardly
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TWO MUTANT GENES, designated segregation distorter (S) and responder (R), are primarily
responsible for the SD chromosome’s effect. The four possible combinations of mutant (color)
and normal (+) genes are shown at the top. The table gives the results of some matings involv-
ing chromosomes carrying these combinations. Genes S and R together exert the full SD effect
(1), but neither gene has an effect alone (2, 3). When R is only on the homologous chromosome,
S becomes a suicide gene (4). The S*+-R chromosome is immune to the SD effect (5). Apparently
the S gene exerts an effect on the R+ gene such that the R+ gene causes sperm dysfunction.

transmitted at all when it comes up
against S-R.

There have been a number of mathe-
matical analyses of this system and simi-
lar ones, most recently by Hartl and Bri-
an Charlesworth of the University of
Sussex. The results of one of my own
computer runs are presented in the dia-
gram on the next page. There are three
chromosome types of interest: S-R,
S+-R+ and S+-R. (The fourth, S-R+, is
rare, and I have ignored it. It has no
competitive advantage; in fact, it com-
mits suicide when it is combined with
S+-R.) The frequency of each of the
three chromosome types at every 10th
generation is plotted in triangular co-
ordinates. The proportion of S-R chro-
mosomes is indicated by the distance
from the base of an equilateral trian-
gle whose altitude is 1, the proportion
of §+-R+ chromosomes by the perpen-
dicular distance from the right side of
the triangle and the proportion of S*+-R
chromosomes by the perpendicular dis-
tance from the left side.

he original population must have

been S+-R+. Then the S-R chromo-
some arose, presumably in two steps.
Some S+-R (and S-R+) chromosomes
must also have been present in low fre-
quencies; they could arise by crossing-
over between S+-R+ and S-R chromo-
somes. I assumed that the two rare types
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S-R and S+-R began with a frequency
of 1 percent each, as indicated by the
starting point near the bottom left-hand
corner. What I then did was to take
plausible values for the degree of dis-
tortion and the relative viability and fer-
tility of the various chromosome com-
binations. These values are not known
exactly, since laboratory data may not
reflect the true values in nature; the dia-
gram reflects one set of plausible val-
ues that leads eventually to a point of
equilibrium very close to what is actual-
ly found in a natural population.

At first the S-R chromosome increas-
es rapidly; after about 45 generations
more than half of the chromosomes are
of this type. Because of its resistance to
distortion caused by S-R, the S+-R chro-
mosome then starts to increase at the
expense of both S-R and S+-R+, and the
trajectory moves toward the bottom
right-hand corner of the diagram. When
the S-R type becomes rare, there is no
longer any advantage for S+-R, and be-
cause it has a somewhat reduced fer-
tility it decreases in frequency and the
trajectory moves to the left across the
bottom of the diagram. When S+-R be-
comes rare, S-R again increases because
of its meiotic advantage over S+-R+.
After about 325 generations one cycle
has been completed and the process is
repeated through a loop with a smaller
amplitude. The cycle continues indefi-
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nitely, spiraling toward the center; only
about the first 1,000 generations are
plotted on the diagram. Eventually the
population comes to equilibrium at the
point indicated by the triangle at the
center of the spiral, with about 4 percent
of the chromosomes S-R and the re-
mainder roughly half S+-R+ and half
S+-R. The diagram must represent a
rough history of what went on among
the three chromosomes competing for
meiotic advantage. Exact calculations
are complicated by the many modifying
genes on other chromosomes, which
shift the balance one way or another.
In the course of this three-way tug-of-
war the S-R chromosome “tries” to hold
on to any modifying genes that enhance
its effect. En is one such gene and there
are many minor modifying genes on the

chromosome. Now the function of the
multiple inversions on the SD chro-
mosome becomes clear. By preventing
crossing-over they keep the enhancing
modifiers locked to the S-R complex:
without the inversions they would be-
come separated and soon would be
found just as often on the normal chro-
mosomes as on the SD chromosome.
The result of this complex interaction
is that the SD chromosome seems to be
effectively held in check by the presence
of the S+-R chromosome and the modi-
fying genes, so that SD’s frequency in a
population is not great enough to do
much harm. The $D system and the oth-
er meiotic-drive systems found in nature
are those to which the population has
become adjusted in this way and similar
ones. Populations in which such an ad-

justment was not worked out may sim-
ply have become extinct.

What would happen if a system such
as SD were to arise on one of the chro-
mosomes determining sex? For exam-
ple, a normal male produces an equal
number of sperm cells bearing X chro-
mosomes and Y chromosomes, so that
when the sperm cells fertilize X-bearing
egg cells, XX females and XY males are
produced in equal numbers. If an SD
complex were to be located on the Y
chromosome, nearly 100 percent of the
progeny would be expected to be males.
No such Y chromosome is known in
Drosophila, but as a graduate student at
Wisconsin, Terrence W. Lyttle, now at
the University of Hawaii, contrived a
way to produce one. By means of radia-
tion he promoted an exchange of chro-

INTERPLAY OF THREE CHROMOSOMES in a fly population is
traced by the spiraling curve, which gives the results of one of the
author’s computer runs. The proportion in the population of S-R,
S+-R+ and S+-R chromosomes is plotted, at every 10th generation
(dots), in triangular coordinates; each chromosome’s frequency in the
population is measured along a different altitude of the equilateral tri-
angle. At the beginning (bottom left) the population is 98 percent
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S+-R+. The distorting effect of S-R is countered by the resistance of
S+-R, which in turn has reduced fertility compared with S+-R+. Cal-
culations based on plausible values for distortion, fertility and viabili-
ty indicate that the population goes through a succession of cycles—
the loops on the graph—that eventually bring it to a point of equilibri-
um (black triangle), at which some 4 percent of the chromosomes are
S-R and remainder of them are roughly half S+-R+ and half S+-R.
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mosomal segments that tied the SD trait
to the Y chromosome. Distortion by SD
causes males carrying this translocation
to produce an excess of sperm cells con-
taining the Y chromosome, so that al-
most all their progeny are males. A pop-
ulation afflicted by such a system should
become extinct within a few generations
for lack of females.

Lyttle demonstrated the effect with an
artificial population in the laboratory.
The drosophilas were maintained for
several generations in small cages, each
one holding a few thousand flies. As ex-
pected, the population soon contained
no females, and it died out. Then Lyttle
did an experiment in which he started
with a normal population and intro-
duced a few males carrying the trans-
location. The distorting chromosomes
from these males gradually replaced the
normal Y chromosomes, and when they
became prevalent enough, the propor-
tion of females began to decrease. After
a few generations this population too
was extinct.

learly a meiotic-drive system, which
is bad enough on one of the nonsex
chromosomes, can be a disaster if it is on
the Y chromosome. W. D. Hamilton of
Michigan State University has suggest-
ed that one reason the Y chromosome is
largely devoid of genes in many species
is that the lack of genes prevents meiot-
ic-drive mutants from arising and wip-
ing out the population.

A distorting Y chromosome would
seem to provide an ideal biological con-
trol of an insect population. An exam-
ple of a meiotic-drive gene has already
been discovered, by George B. Craig of
the University of Notre Dame, near the
male-determining gene of Aédes aegyp-
ti, the yellow-fever mosquito. Unfortu-
nately for any control application, there
are so many modifying genes in the A4.
aegypti population that the distorting
gene is rather ineffective outside the lab-
oratory. If meiotic-drive systems are to
be adapted for practical insect control,
new mutant distorting genes will pre-
sumably have to be found in the labora-
tory for which there is no reservoir of
distortion-reducing modifiers already in
the population. It will probably be diffi-
cult to develop truly new mutants that
have not arisen at some time in nature.
It may nonetheless be possible, and in
that case meiotic-drive genes could be-
come a major new nonchemical tech-
nique in the continuing battle with in-
sect pests.

Among other examples of cheating
genes the best-known is the one that
causes a variety of tail abnormalities
in various populations of house mice.
These mutants are often highly damag-
ing or even lethal in homozygous mice,
and it is clear that they are much too
prevalent for the good of the popula-
tion; they should be eliminated by natu-
ral selection. Instead they are main-
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tained in the population by distorted
sperm ratios similar to those of SD.
Mice are not as amenable to genetic
analysis as flies, and so the details of this
system are less well known; superficial-
ly, at least, the two systems appear to be
very similar.

In plants a number of instances are
known in which extra chromosomes
that are harmful to the population are
maintained by some kind of tricky be-
havior. One such chromosome is trans-
mitted in excess of its rightful amount
by getting itself included preferentially
in the pollen-tube nucleus that fertilizes
the egg. Other chromosomes take ad-
vantage of the fact that in females only
one of the four products of meiosis is
fertilized, the others becoming nonfunc-
tional polar bodies; a chromosome may
cheat by managing too often to get into
the egg nucleus that is destined to be
fertilized. In addition to these and other
examples known in nature a number of
cheating genes have arisen in the labora-
tory, sometimes by accident and some-
times in experiments designed to pro-
duce such genes.

Is it possible that meiotic-drive genes
are commoner in nature than has been
assumed? The examples that have been
studied are all those with an extreme
effect, such as SD. If SD produced a
sperm ratio not of nearly 100 percent
but of, say, 55 percent, it would proba-
bly never have been discovered. It is
possible that mild cases of meiotic drive
are rather prevalent in natural popula-
tions but have not been detected. In-
deed, it has been suggested that the inci-
dence of some human genetic diseases
that are commoner than they ought to
be may be explained by distorting genes,
but there are other equally plausible ex-
planations.

endelian inheritance is a marvelous
device for making evolution by
natural selection an efficient process. It
would appear to be the best system that
could be contrived (within the mechani-
cal constraints imposed by the fact that
genes are linked in chromosomes) for
giving each gene a thorough test in com-
bination with many other genes. The
Mendelian system works with maxi-
mum efficiency only if it is scrupulously
fair to all genes. It is in constant danger,
however, of being upset by genes that
subvert the meiotic process to their own
advantage. If such genes have a harmful
effect (as in the case of the sterility or
lethality induced by homozygous SD),
the population is weakened directly.
Even if the cheating genes are not harm-
ful in their own right, they inhibit the
evolutionary process by reducing its effi-
ciency. There are many refinements of
meiosis and sperm formation whose
purpose is apparently to render such
cheating unlikely. And yet some genes
have managed to beat the system.
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The Medical Influence
of the Stethoscope

The first instrument generally used for diagnosis, the stethoscope

transformed the practice of medicine in the 19th century, altering

the physician’s picture of disease and his relation to the patient

René Théophile Hyacinthe Laén-

nec, was called to the bedside of a
young woman suffering from the symp-
toms of heart disease. At that time most
physicians arrived at a diagnosis by ob-
serving the patient’s appearance and
questioning the patient about symp-
toms. Faced with an unusually difficult
diagnosis, Laénnec resorted to two lit-
tle-used methods that involved physical
contact with the patient: palpating her
body with his hand to feel the underly-
ing structures and rapping her chest with
his fingers to generate sounds that would
indicate the condition of her internal or-
gans. Both of these efforts were thwart-
ed by the patient’s obesity, and the mo-
res of the time prohibited Laénnec from
undertaking immediate auscultation:
pressing an ear to the chest to hear the
sounds of the heart. Stymied, he recalled
that sound is amplified when it is trans-
mitted through certain solid bodies. He
rolled a sheaf of paper into a cylinder
and, placing one end on the patient’s
chest, put his ear to the other end.
Through this makeshift instrument he
heard more distinct sounds of the ac-
tion of the heart than he had ever heard
before.

Laénnec named his invention the
stethoscope, from the Greek stethos,
“breast,” and skopein, “to view.” He
soon abandoned the roll of paper in fa-
vor of what has come to be called the
Laénnec stethoscope: a wood cylinder
about a foot long and an inch and a half
in diameter that could be disassembled
into two parts for easy carrying. Run-
ning down the long axis of the cylinder
was a narrow aperture; in experiment-
ing with different designs Laénnec had
discovered that such an aperture en-
hanced the sound-carrying properties of
the instrument. The transmission of cer-
tain sounds, such as those of breath-
ing, was further enhanced by a funnel-
shaped cavity at the end of the cylinder

In 1816 a young French physician,

148

by Stanley Joel Reiser

placed on the patient’s chest. If other
sounds, such as those of the heart, were
to be investigated, a small wood stopper
was inserted into the cavity. Realizing
that the stethoscope would enable him
to hear the sounds generated by the mo-
tion of all the organs in the chest, Laén-
nec set to work to develop a systematic
technique of diagnosis based on physi-
cal examination with the instrument. As
aresult of his clear and vigorous presen-
tation of this technique, which he called
mediate auscultation, the stethoscope
became the first instrument of any kind
to be widely used by physicians to diag-
nose illness.

Diagnosis—the process of determin-
ing a patient’s disorder from his symp-
toms—is clearly a crucial step in medical
care. The acceptance of the stethoscope
led to the establishment of physical ex-
amination as the keystone of diagnosis.
It worked a profound transformation in
the practice of medicine, altering both
the physician’s perceptions of disease
and his relation to the patient. In partic-
ular the stethoscope drew the physician
for the first time into a private world in
which signs were directly communicat-
ed to him from the patient’s body. It
freed the physician to make objective
diagnoses, but it also put him at a dis-
tance from the personal aspects of ill-
ness, opening a gap that is still widening.
Indeed, today the stethoscope itself, per-
haps the most familiar of all modern
medical instruments, has fallen victim
to the trend it started toward more ob-
jective types of diagnostic technology.
To understand how this has come about,
consider further the state of medical in-
quiry before the invention of the stetho-
scope.

At the beginning of the 19th century
diagnoses were made principally on the
basis of the patient’s verbal account of
his illness and the physician’s observa-
tions (with his unaided senses) of the
patient’s skin color, tongue condition,
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breathing and so on. In the 18th century,
however, a few manual techniques—
methods of diagnostic exploration
based on physical examination—had be-
gun to attract attention. One of the most
significant, in terms of the changing atti-
tude toward clinical diagnosis, was the
technique of percussion that Laénnec
had used on his patient with the heart
disorder: striking the body to generate
sounds that would indicate the vitality
of the internal organs.

Percussion was the invention of the
Viennese physician Leopold Auen-
brugger, who first described it in his
Inventum novum, a small monograph
published in 1761. Auenbrugger pointed
out, as Laénnec would 58 years later,
that the physician’s observations of the
external signs of illness were of little use
in the diagnosis of chest disease. Pa-
tients with the same disorder often ex-
hibited different symptoms, and patients
with different disorders often exhibited
the same symptoms. Auenbrugger was
also critical of the patient’s own account
of his symptoms, which he considered
variable and untrustworthy. For Auen-
brugger it was the morbid sound he him-
self elicited by percussing a patient that
was the most dependable index of the
nature and course of chest disease, and
in Inventum novum he proclaimed his
ability to diagnose (to translate from the
Latin) “from the testimony of my own
senses.”

Auenbrugger was concerned with
finding objective evidence of disease,
and he believed that the technique of
percussion, which minimized the impor-
tance of the personality and physical ap-
pearance of the patient, would revolu-
tionize the diagnosis of chest disorders,
giving physicians a dependable alterna-
tive to their usual untrustworthy meth-
ods of diagnosis. Unfortunately Auen-
brugger’s technique of inferring the na-
ture of an internal abnormality from the



character of the sound created in strik-
ing the chest was in such strong opposi-
tion to reigning medical theory that in
his lifetime percussion never gained the
attention it deserved.

To appreciate percussion a physician
had to think of disease in anatomical

terms, explaining the genesis of symp-
toms in a patient in relation to structural
changes in the tissues of the body. This
picture of disease was highly unortho-
dox in the mid-18th century, when most
physicians still held to the ancient Greek
view that illness was caused by an im-

balance in the basic body fluids known
as humors. An interest in normal anato-
my and its structural transformation
through disease had been developing
since the 16th century, when revolution-
ary treatises such as Vesalius’ De huma-
ni corporis fabrica were published, but

STETHOSCOPE HAS EVOLVED from a rigid monaural instru-
ment made of wood to a flexible binaural one generally made of rub-
ber, plastic and metal. The wood instrument at the left is a Laénnec
stethoscope. It is named for its inventor René Théophile Hyacinthe
Laénnec, who in 1816 first used a rolled sheaf of paper to amplify and
convey to his ear the sounds generated by the motion of the organs
in the chest. The sound-carrying properties of the Laénnec stetho-
scope are enhanced by a small aperture that runs its length and wid-
ens into a funnel-shaped cavity at the end to be placed on the pa-
tient’s chest. The small piece of wood at the lower left is inserted

into the cavity to improve the transmission of certain sounds such
as those made by the heart. An acoustically superior binaural stetho-
scope that was also flexible first came into wide use in the 1890’s. A
modern version of this instrument, the Littmann stethoscope, is at
the right. On one side of its chest piece there is a bell-shaped metal
cup rimmed with rubber for transmitting sounds of lower pitch; on the
other side there is a wider, flatter cup covered with a thin, taut plastic
diaphragm for transmitting sounds of higher pitch. The wood stetho-
scope shown here is now in the Warren Anatomical Museum of the
Harvard Medical School; it may have belonged to Laénnec himself.
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18th-century physicians still thought an-
atomical abnormalities were of second-
ary importance in gaining an under-
standing of the genesis of disease and
the generation of symptoms. A work
that would profoundly influence phy-
sicians to think in terms of anatomy,
the Italian anatomist Giovanni Battista
Morgagni’s De sedibus et causis morbo-
rum per anatomen indagatis (The Seats
and Causes of Diseases Discovered by
Anatomy), was published the same year
as Auenbrugger’s Inventum novum and
therefore had little effect on the early
reactions to percussion. (By the time
Laénnec began to promote mediate aus-
cultation, however, efforts such as Au-
enbrugger’s and Morgagni’s had result-
ed in a somewhat more favorable atti-
tude toward anatomical explanations
of disease.)

The lack of enthusiasm for percussion
also had to do with Auenbrugger’s man-
ner of presentation. The variations in

percussive sounds by which diseases can
be discriminated are subtle. To learn
how to apply the method the physician
needed extensive descriptions and many
examples of these complex acoustic
phenomena. In Auenbrugger’s brief
treatise he chose to give only terse,
vague explanations, trusting that his dis-
covery would be valued “by those who
can firstly appreciate medical science.”
Indeed, he refused to elaborate on his
technique for skeptics or critics, whom
he judged to be “beset by envy, malice,
detraction and calumny.”
Auenbrugger’s technique of percus-
sion did have several failings. For exam-
ple, it was not effective with patients
whose disorders were located deep with-
in the chest cavity. The comparison of
healthy and morbid sounds in the same
patient was an important part of diagno-
sis by percussion, and so the technique
also did not work well with patients who
had two diseased lungs. Modern physi-

LAENNEC, shown in an engraving made during his lifetime, also developed an innovative,
systematic technique for applying the stethoscope in the diagnosis of illness. Before the inven-
tion of the stethoscope diagnoses were based primarily on the patient’s account of his symp-
toms and the physician’s observations of the patient; direct physical examination of the patient
played little or no part in the diagnostic process. Laénnec’s technique, which he called mediate
auscultation, offered a more dependable approach to the evaluation of disease because it was
based on objective analysis of aural signs detected in physical examination with stethoscope.
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cians who employ percussion put the
fingers of one hand on a patient’s body
to soften the percussive blow, but the
form of percussion Auenbrugger advo-
cated was harsher, requiring that the
physician deliver a blow directly to
the patient’s body with the tips of all
the fingers on one hand. This procedure
could be quite distressing to the patient,
and some physicians refused to employ
it for thatreason. Moreover, at that time
any manual activity was generally con-
sidered to be beneath the dignity of the
physician. In particular the physical inti-
macy required by percussion threatened
to undermine the professional standing
of the physician, even to place him in a
class with the surgeon, over whom he
affirmed both medical and social supe-
riority.

In his time Laénnec was confronted
with much the same kind of medical
and social resistance to manual physi-
cal examination that Auenbrugger had
faced in the mid-18th century. There
had been one significant change in the
medical climate in the time between the
introduction of percussion and the in-
troduction of mediate auscultation. By
1816 physicians were generally willing
to believe specific anatomical defects
were dependable hallmarks of certain
disorders and could be exploited to dif-
ferentiate among diseases. In particular
the correlation of the symptoms in the
living patient and the structural changes
found in the body at autopsy was begin-
ning to play an important part in the
discovery and verification of medical
facts (and in the training of physicians).
Therefore Laénnec could demonstrate
through autopsy that when sounds of a
certain kind were heard in the chest, le-
sions of a certain kind were found in the
cadaver.

Like Auenbrugger, Laénnec believed
a set of audible signs could be the basis
of a new and more dependable tech-
nique of diagnosis. He spent three years
at the Necker Hospital in Paris auscul-
tating healthy subjects and sick ones,
listening to the murmurs, rales (crack-
ling sounds), wheezes and burbles inside
their chest and performing autopsies in
order to identify and classify the sounds.
In 1819 he published Traité de la auscul-
tation médiate (On Mediate Auscultation),
a comprehensive critique of the diag-
nostic methods of the time that culmi-
nated in an exhaustive description of the
technique of mediate auscultation. The
treatise is a meticulous exploration of
the connections between the sounds gen-
erated within the body and specific ana-
tomical defects and diseases. Some 10
times longer than Auenbrugger’s mono-
graph on percussion, Laénnec’s work
contains descriptions of sound that sur-
pass in clarity most that have appeared
since. “When the patient coughed or
spoke, and still more during respira-
tion,” wrote Laénnec in one case study,
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“there was heard a tinkling like that of a
small bell which has just stopped ringing
or of a gnat buzzing within a porcelain
vase.” Such vivid descriptions had much
to do with the success of mediate auscul-
tation in gaining the attention and re-
spect of a wide audience of physicians.

Initially physicians found a variety of
reasons to criticize the technique. Some
thought they would appear ludicrous,
bent over the bodies of their patients
listening for sounds through an instru-
ment that resembled a divining rod. And
there was still the concern that the use of
instruments and manual techniques was
beneath the station of the physician. The
transporting of medical instruments was
particularly disturbing, and some physi-
cians resorted to such expedients as car-
rying the two disassembled parts of the
stethoscope crossed inside their top hat.
(This particular practice was not with-
out its perils: on one occasion, when a
snowball knocked off a medical stu-
dent’s top hat and revealed a stetho-
scope, the student was charged with car-
rying a concealed weapon.)

Furthermore, many physicians found
the views of the early proponents of
the stethoscope extreme. In On Mediate
Ausculration Laénnec judged the stan-
dard methods—even the manual tech-
niques—of the day harshly, finding pal-
pation “too vague and uncertain to be
of much benefit” and percussion only
slightly more valuable. He was also crit-
ical of the ancient practice of pulse tak-
ing, explaining its popularity by point-
ing out that the procedure inconve-
nienced neither the physician nor the
patient, and that any particular irregu-
larity was subject to a wide range of
interpretations. Laénnec and many of
his followers maintained that authorita-
tive diagnoses could be made principal-
ly—indeed, sometimes exclusively—on
the basis of aural information. Other
less partisan physicians believed the
most reliable diagnosis could be arrived
at by giving equal consideration to aural
signs and information gained through
traditional methods; they were under-
standably annoyed by the uncompro-
mising views of Laénnec and his follow-
ers. Actually the excessive claims made
for the stethoscope were due in part to
Laénnec’s extraordinary abilities. Hav-
ing remarkably acute hearing and a pre-
cise knowledge ofthe pathological mean-
ing of the most delicate variations in
sound, he could distinguish diseases on
the basis of auscultatory information
with wonderful accuracy. Few of Laén-
nec’s followers appreciated how unusu-
al his skill was.

The reactions of patients to the steth-
oscope were generally favorable, al-
though some were frightened by the de-
vice (associating instruments with sur-
geons) or embarrassed by the physical
closeness of the physician required by
auscultation. Some patients refused to

be examined with the stethoscope be-
cause of the excessive force with which
their physician pressed the instrument
against them or because of the incon-
venience of having to make frequent
changes in position during such an ex-
amination. What patients feared most,
however, was the accuracy of the stetho-
scope. Often it converted a last hope
that an illness was remediable into a cer-
tainty that it was not.

In the final analysis, of course, the
great strengths of mediate auscultation
were just this accuracy and dependabili-
ty: the technique could convert diagnos-
tic suspicions into diagnostic certainties.
As Laénnec and his followers pointed
out, having confidence in a diagnosis
meant that diseases could be treated
with new vigor. Therapies could be ap-
plied promptly, in some cases at early
stages of illness. And even if the disease
diagnosed was incurable, the patient
could at least be spared useless and per-
haps painful therapy.

The accuracy of diagnoses made with
the stethoscope resulted in a growing
public acceptance of mediate ausculta-
tion. In fact, within a decade of the pub-
lication of On Mediate Auscultation pop-
ular sentiment in favor of the technique
had become so strong that a physician
who did not employ the stethoscope
jeopardized his professional reputation.
Some physicians who did not know how
to auscultate patients took to carrying
stethoscopes with them for display pur-
poses. Physical examination—through
auscultation—was the new mode of di-
agnosis.

In the second half of the 19th centu-
ry many improvements were made
in the rigid, monaural Laénnec stetho-
scope. To accommodate physicians who
resented carrying such a bulky object
smaller stethoscopes were developed.
Changes in the design of the instrument
(for example the substitution of a para-
bolic cavity for the conical one at the
end to be placed on the patient’s chest)
improved its acoustic properties. As ear-
ly as 1829 the first stethoscope that was
not completely rigid was built by an
Edinburgh physician named Nicholas
Comins. The instrument consisted of

PARTIALLY FLEXIBLE stethoscope was
designed in 1829 by Nicholas Comins, an Ed-
inburgh physician. Made of two rigid tubes (a,
b) connected by a joint and attached to a mov-
able earpiece (¢), the instrument could be bent
at any angle in a plane, so that the patient did
not have to change his position as often dur-
ing an examination and the physician did not
have to bend as much. Eventually fully flex-
ible stethoscopes made of pliable tubing were
developed; these spared the patient the dis-
comfort of having a rigid instrument pushed
against his body and also reduced the need for
close physical contact between the physician
and the patient in the course of auscultation.
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PATHOLOGICAL HEART MURMURS are blurred auscultatory heart sounds caused by
structural defects in the tissue of the heart. The intensity and duration of several common
sounds of this type (as they are heard at specific locations on the chest) are shown at the bot-
tom; the flow of blood through the heart, at the top. Blood is pumped through the body by the
contractions of the ventricles of the heart. The period during which the right and left ventricles
are contracted and blood is forced into the pulmonary artery and the aorta is systole; the peri-
od during which the ventricles are relaxed is diastole. In a single cardiac cycle of a normal heart
two sounds are heard: first the simultaneous closing snaps of the mitral and tricuspid valves,
which prevent the blood from flowing back into the atriums as the ventricles contract, and sec-
ond the not quite simultaneous closing snaps of the pulmonic and aortic valves, which prevent
the blood from flowing back into the ventricles as they relax. In the graph a black rectangle
represents the first sound in each cycle; a gray rectangle (the pulmonic component) and a light
colored rectangle (the aortic component) represent the second sound. Sounds of lower pitch are
indicated with more widely spaced lines. If the aortic valve is narrowed or obstructed (the de-
fect known as aortic stenosis), then during systole, when blood is forced through the valve, an

la t of turbulence is generated and a rising and falling sound called an ejection
murmur is created. In aortic regurgitation the aortic valve does not function, so that during di-
astole blood flows back into the ventricles, creating a fairly steady sound called a regurgitation
murmur. If there is an atrial septal defect in the heart (a hole in the wall separating the atriums),
then during diastole a large amount of blood flows through it, causing the aortic and pulmonic
comp ts of the d heart d to be widely separated; during systole the right ventri-
cle ejects the blood into the pulmonary artery, causing an ejection murmur. A different type of
sound is created when the mitral valve is narrowed or obstructed (the defect known as mitral
stenosis). In this case there is an audible opening snapping sound of the mitral valve (dark col-
ored rectangle) at the beginning of diastole that is followed by a low-pitched rumbling sound
as the blood flows into the left ventricle. The graphs shown in the illustration are adapted from
the book Bedside Diagnostic Examination, by Elmer L. DeGowin and Richard L. DeGowin.
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two rigid wood tubes, each one about
seven inches long, connected by a joint
so that they could be set at any angle; an
earpiece attached to one of the tubes
also rotated about a joint.

Fully flexible monaural stethoscopes
made of pliable tubing first appeared
in the 1830’s. These instruments, which
could be up to two and a half feet long,
spared patients having to change posi-
tion repeatedly during an examination
and the discomfort of a rigid instrument
pushed against them. Moreover, with a
flexible stethoscope patients were no
longer forced into such close contact
with the physician; a woman could
place the cup of the flexible stethoscope
on her body herself, thereby keeping the
physician at a proper distance. Similar-
ly, physicians could avoid close contact
with patients who had contagious dis-
eases. They were also spared the dis-
comfort of bending to examine patients
(a particular boon for fat physicians),
and they could even auscultate them-
selves.

Comins was probably also the first to
suggest the binaural stethoscope: a flex-
ible stethoscope with tubes going to
both ears. It was not until the early
1850’s, however, that the first satisfacto-
ry working models were introduced. In
1878, when the microphone was invent-
ed, an even greater amplification of
body sounds seemed possible, but it was
soon evident that the heart and lung
sounds picked up by the microphone
were not clear enough for diagnostic
purposes.

he initial excitement and later disap-
pointment over the microphone co-
incided with the introduction of a large
number of different types of stetho-
scope, and much confusion resulted.
Physicians began to worry that any am-
plification would alter the sounds to
which they had become accustomed.
Many chose to ignore the vast array of
different stethoscopes, insisting that it
was the learning of the physician that
mattered in auscultation, not the instru-
ment he wielded. As a result the acousti-
cally superior (and handily carried) flex-
ible binaural stethoscope was not gener-
ally adopted until the 1890’s. In the
early 1900’s physicians realized that a
diaphragm stretched over the mouth of
the cup of the stethoscope would en-
hance the transmission of certain kinds
of sounds, and so this feature was added
to the instrument. Modern stethoscopes
follow the same basic design and gener-
ally have two cups: one bell-shaped cup
without a diaphragm for transmitting
sounds of lower pitch and a wider, flat-
ter cup with a diaphragm for transmit-
ting sounds of higher pitch.
Paradoxically the acceptance of the
binaural stethoscope coincided with the
discovery of a device that would quick-
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EARLY X-RAY MACHINE is demonstrated in this photograph
made at the Massachusetts General Hospital in Boston in about 1910,
X rays were discovered in 1895 (at about the same time that the flex-
ible binaural stethoscope came into wide use) and were quickly ap-
plied to a variety of medical tasks, such as diagnosing bone fractures
and locating kidney stones. Heart and lung disorders in particular

%
could often be diagnosed earlier and more accurately with X rays
than with a stethoscope. As a result the X-ray machine began to dis-
place the stethoscope as the preeminent instrument in the analysis
of chest disorders. In the 20th y the steth pe has been in-
creasingly ignored in both the practice of medicine and medical train-
ing in favor of more sophisticated modern diagnostic technologies.

ly displace the stethoscope as the pre-
eminent tool in the diagnosis of chest
disease. In 1895 W. K. Rontgen discov-
ered that a cathode-ray tube emitted ra-
diation that could pass through a solid
object and fix the image of the object’s
internal structure on a photographic
plate. News of Rontgen’s discovery of
these X rays, a “new kind of light which
penetrated and photographed every-
thing,” spread quickly. The X-ray pic-
ture he had made of his wife’s hand was
reproduced in publications all over the
world, and newspapers competed with

one another in publishing exaggerated
accounts of the potential uses of the
discovery. The general public avid-
ly bought X-ray images of their loved
ones’ hand and of ordinary objects such
as keys taken through an opaque con-
tainer such as a purse. (The queen of
Portugal had X-ray pictures made of all
the members of her court; the distorted
rib cages disclosed by the X rays led
some of the female members to discard
their tightly laced corsets.)

Physicians were immensely enthusi-
astic about Rontgen’s discovery and
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quickly applied X rays to the diagnosis
of bone fractures and kidney stones and
to the location of foreign objects such as
bullets embedded in body tissue. Within
a month of the discovery an apparatus
was in use that projected X rays through
a patient’s body onto a fluorescent
screen so that the physician could even
directly observe lung and heart motions.
As X-ray techniques improved it be-
came possible to analyze disorders with-
in the softer tissues of the body such as
the lungs and the heart.

With X rays physicians could often
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discern lung and heart disorders earlier
and define their character more accu-
rately than they could with a stetho-
scope. In 1896 the pioneering radiolo-
gist Francis H. Williams expressed the
sentiments of many other physicians
when he wrote: “We may now look
where we have previously only been
able to listen and sometimes to hear but
imperfectly.” To many the transforma-
tion of auscultatory sounds into images
in the mind of the physician seemed less
reliable than the direct analysis of de-
fects displayed in X-ray pictures. Pa-
tients too had more confidence in a diag-
nosis based on an anatomical defect
they could see in a picture. The use of
the stethoscope began to decline, a trend
that was accelerated in the 20th century
by the development of more sophisti-
cated types of diagnostic technology
such as the electrocardiograph. Indeed,
as physicians became increasingly cap-
tivated with diagnostic technology they
became less concerned with physical ex-
amination in general and with the tech-
niques developed in the 19th century for
accomplishing it.

Today the stethoscope is the old war-
rior of medicine. Although it can-
not compete with the array of elaborate
and expensive technologies for which it
paved the way, it clings tenaciously, re-
sisting retirement. Its staying power in
modern times is based in part on its giv-
ing both physicians and patients a sense
of continuity with the past. Identified
with dependable diagnosis, the familiar
object evokes confidence. Most impor-
tant, it provides those physicians who
still know how to use it with good, im-
mediate and low-cost information that
can eliminate the need for complicated
diagnostic tests.

It is, of course, easy for the modern
physician to refer his patient to a clini-
cal laboratory or X-ray department for
diagnostic tests instead of conducting
an intensive examination with a stetho-
scope. Such tests are usually covered by
insurance policies, so that there is little
immediate cost to the patient and the
physician saves time. Indeed, as fewer
physicians are trained in methods such
as auscultation, choosing the high-tech-
nology route is only prudent. What is
lost is primarily the self-reliance of the
physician. When the 19th-century phy-
sician chose to make diagnoses less on
patients’ verbal accounts of their symp-
toms and more on the physical signs of
illness that in many cases he alone de-
tected, he was obliged to make up his
own mind about illness. As a medical
era the 20th century must be character-
ized as a time when physicians have
come to rely less on themselves and
more on specialists, technicians and ma-
chines to collect and evaluate the evi-
dence of disease.
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“Take along,long look at one of the sea’s most
charming creatures-it could be your last chance”

John Forsythe, host, “The World of Survival”

This is a sea otter. e
You can find small ;
numbers of them off
the coasts of Cali-
fornia, Alaska and /
around the Kurile }/1 /
Islands and the /{ A
Kamchatka Penin- «{ //I/(/
sula in the northern Pacific.

Their endearing habits include
floating on their backs, cuddling
their young, and breaking open
shellfish against a stone balanced on
their bellies. They sleep anchored to
beds of kelp.

Earlier this century sea otters
were snatched from imminent ex-
tinction at the hands of hunters who
collected their magnificent fur. That
is why a few hundred otters now live
off the California coast.

A new menace

Today they face a new menace—oil
pollution. Their life depends on their
fur coats, because they have no fatty
layer to insulate them against cold.
Air, trapped in the fur, serves as
insulation. But if oil mats the fur,
there’s no insulation and the otter
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freezes to death.
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paigning to save the life and re-
sources of the seas — for our own
sakes and those of our children.
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Strange to relate, smokestacks and

pencil points break in the same way

by Jearl Walker

he connection between a falling

chimney and a breaking pencil

point is far from obvious, but in
most of what follows I shall undertake
to make the connection clear. Then I
shall take up a quite unrelated matter:
an ingenious device that couples a tele-
scope and a pocket calculator in such a
way that changes in the angle at which
the telescope is pointed are recorded by
the calculator and can be directly read
off the calculator’s display panel.

If you ever have an opportunity to
watch as an old chimney (the tall, free-
standing and basically cylindrical kind)
is demolished, look carefully at one side
of it as it begins to fall. In the usual
demolition procedure a section of the
base is knocked out by dynamite or a
bulldozer, forcing the chimney to fall to
one side. By the time it has reached a tilt
of about 45 degrees it will probably
show a lateral crack near its middle. As
a result the top part of the chimney be-
gins to fall more slowly than the bottom
part, and the two parts form a broad V.
The reason for the break is that as the
chimney begins to fall the top part nec-
essarily has to accelerate downward
more rapidly than the bottom part. The
chimney is usually not strong enough to
withstand the bending stresses and the
acceleration, and so it cracks.

Ernest L. Madsen of the University of
Wisconsin Medical School has recently
examined the mechanics of a falling
chimney. He first considers the forces on
the entire chimney once it is falling. It is
subjected to three forces: its own weight
(acting through the center of mass), an
upward reaction force from the ground
and friction (horizontally) from the
ground. The combination of these
forces makes the chimney accelerate
toward the ground and rotate vertically
at the base.

Madsen next considers a lower sec-
tion of the chimney extending from the
base to some arbitrary point along its
length. This section has an angular ac-
celeration around the base throughout
the fall because of three torques act-
ing on it. One torque arises from the
section’s own weight. The other two
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torques arise because the lower section
must drag the upper section around in
the rotation. One of these torques is
due to the shearing force resulting when
the upper section attempts to slide over
the top of the lower section. Finally, the
lower section is subjected to a bending
torque because the upper section tends
to lag behind in the rotation and so to
bend backward.

Except for the exact bottom and top
of the chimney any theoretical choice
for the length of the lower section will
include a bending torque acting to sever
the lower section from the upper one.
According to calculations, the bending
torque is greatest at a point a third of the
way up the chimney. As the chimney
begins to fall and to be subjected to an
angular acceleration around the base,
the bending torques along its entire
length increase with time. Eventually
the bending torque at the point a third of
the way up the chimney is enough to
rupture it, so that the upper two-thirds
breaks off and begins to lag behind the
lower third.

Madsen’s results pertain to a chimney
that is uniformly cylindrical. In a chim-
ney that is tapered or has some other
form the maximum bending torque will
be at some other point along its length.
If you are able to watch a chimney being
toppled, you might try to photograph
the break. It would be particularly inter-
esting to photograph the action in slow
motion so that you can see the crack
begin in the lower section and then prop-
agate across the width of the chimney.
(Stay alert. When I watched a falling
chimney recently, I had to dodge bricks
that were thrown into the air when the
chimney hit the ground.)

The rupture does not travel directly
across the width of the chimney. In 1940
Francis P. Bundy explained the rupture
pattern as being due not only to the
bending stress but also to the accompa-
nying compression of the chimney on
the trailing side. The bending apparent-
ly forces the line of maximum compres-
sion downward as the rupture travels to
that side.

Some of Bundy’s calculations suggest
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that if a tall chimney does not break
during its fall, something strange may
happen: its base may hop up into the air
near the end of the fall, apparently be-
cause the chimney is rotating about its
center of mass. This result is not predict-
ed by Madsen’s calculations. You might
want to watch the base of a chimney that
falls without breaking to see if it does in
fact hop.

A falling chimney can display two
other interesting features. One is anoth-
er break point that may develop close to
the base because of shearing as the top
part of a tall, heavy chimney attempts
to slide over the lower part. Some pho-
tographs of falling chimneys clearly
reveal the extra breaking: the chimney
breaks in two places.

The other interesting feature is that
the base of the chimney may slide dur-
ing the fall. I would have guessed that
such a slide would be in the direction
opposite to the direction of fall, but nor-
mally it is not. The base moves the way
the chimney does, being dragged along
in the direction in which the chimney
has acquired some horizontal momen-
tum. According to Madsen’s work, the
base is most likely to slide in this way
when the chimney has fallen through
at least 50 degrees. Beyond that angle
the amount of friction needed to hold
the base in place becomes impractically
large.

The falling chimney can be modeled
somewhat imperfectly with an unsharp-
ened pencil that is placed vertically on
a level surface, eraser end up, and then
allowed to fall. The lower end does
come to rest displaced in the direction of
the fall, but the motion is more than just
a simple slide. The end first moves a
short distance in a direction opposite to
the direction of fall, but as the pencil
bounces on the surface, the end hops a
greater distance in the direction of fall.
The static friction on the lower end of
the pencil is apparently not enough to
keep that end from sliding along the sur-
face as it tends to rotate about the falling
center of mass. The later motion in the
direction of fall results from the lower
end’s being dragged in the direction in
which the falling pencil has acquired
horizontal momentum.

Madsen has suggested to me a simple
arrangement of Tinker Toy components
with which you can simulate the bend-
ing of a falling chimney. A Tinker Toy
set includes a squat wood cylinder with
a central hole through it. You need a
stack of about 30 of them to simulate
the chimney. A Tinker Toy stick fits
snugly through the bottom cylinder.
Sharpen the lower end of the stick so
that the stack will be held in place when
you push the point into a small piece of
sponge. Run an elastic band, preferably
a latex one, around the sharpened stick
and up through the central holes in the
cylinders. You will probably need sev-
eral of these bands looped together to
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reach the top of the stack. Place across
the hole of the top cylinder a smaller
stick around which the top band is
looped. The cylinders should be aligned
to make a straight “chimney,” and the
bands should not be tangled inside the
cylinders. The tension should be adjust-
ed so that the chimney bends if it is
leaned to one side.

The pointed end of the lower stick is
stuck into the sponge, which is glued or
clamped to a large board held station-
ary on a tabletop. When the chimney
is pushed gently to one side and falls, it
bends backward much as a real chimney

does. The base does not slip away from
the direction of fall because of the fric-
tion that arises between the stick and
the sponge.

Since the fall is rather quick, a photo-
graph of the falling stack is more reveal-
ing than direct observation. Madsen
suggests that motion pictures made at
36 frames per second or faster are best.
If you lack the equipment for that, you
can make a snapshot of the chimney
with a strobe light. Turn off the room
lights, open the aperture of the camera,
cause the chimney to start falling, flash
the strobe light during the fall and then

close the aperture before turning on the
lights again.

A common demonstration apparatus
in physics classes is related to the falling
chimney and illustrates the large accel-
eration at the top of a chimney that does
not crack. A board is hinged at one end
to a base that sits on a tabletop. The
other end of the board is propped up
with a stick so that the board makes an
angle of about 35 degrees with the table-
top. A small paper cup is fastened to the
upper side of the board near the free
end. Still closer to the free end is a hold-
er for a small metal ball. The holder

160

A chimney breaks as it falls

© 1979 SCIENTIFIC AMERICAN, INC



A Landmark Work on our Ecological Crisis

ECOSCIENCE

Population, Resources, Environment

Paul R. Enrlich, Anne H. Ehrlich, Stanford University

John P. Holdren, University of California, Berkeley

Ecoscience presents extensive, current information on
virtually every aspect of the environmental and resource
sciences. The authors also suggest strategies for solving
some of our most pressing environmental problems.

““The real question, for those concerned about realistic
solutions, is whether scholars and decision-makers of

all varieties can devise ways to bring human behavior into
harmony with physical reality in time.””—The authors

““The ultimate book on the future of our planet.”
—Maurice Strong, First Director of the United Nations

Environmental Programme
CONTENTS

““A blockbuster classic. . . . Its 1,050 pages, 370-plus
illustrations and more than 1,000 references contain the
stuff of several books. . .. Even those areas in which |

have focused my own professional activities are covered
with material that | found comprehensive, up-to-date,
and thought-provoking.”” —Dennis L. Meadows, Sierra
“Itis unlikely to be superseded for decades.”

—L. C. Birch, Search Magazine

“"Ecoscience combines the timely and the timeless, hard
science with social science, into a clearly readable dis-

course. ... ltis a truly awesome achievement.”
—Stephen H. Schneider, National Center for Atmospheric Research

POPULATION, RESOURCES, ENVIRONMENT:

DIMENSIONS OF THE HUMAN PREDICAMENT

The Essence of the Predicament

Interactions: Resources, Economics, and Politics

Interactions: Technology, Environment, and Well-
Being/The Prospects: Two Views

| NATURAL PROCESSES AND HUMAN WELL-

BEING

THE PHYSICAL WORLD

Earth’s Solid Surface and Below

The Hydrosphere

Atmosphere and Climate

NUTRIENT CYCLES

Dynamics of Nutrient Cycling

Chemistry of Nutrient Cycles

Cycles of the Principal Nutrients

Other Nutrients and Geographical Variations

POPULATIONS AND ECOSYSTEMS

Population Dynamics

Natural Selection and Evolution

Community Ecology

Biomes

Freshwater Habitats

Marine Habitats

Ecological Models

11 POPULATION AND RENEWABLE RESOURCES

THE HISTORY AND FUTURE OF THE HUMAN

POPULATION

Population Growth

Demographic Projections and Population Structure

Population Distribution and Movement

LAND, WATER, AND FORESTS

Land/Water/Forests/The Taken-for-Granted Resources

A HUNGRY WORLD

The Production of Food

The Dimensions of World Hunger

The Distribution of Food

Expanding the Harvest

Food from the Sea

New and Unconventional Food Sources

Should We Be Pessimistic?

11l ENERGY AND MATERIALS

ENERGY

Size and Sources of Contemporary Energy Use

Growth and Change in Energy Flows

Energy Resources: Supplies, Depletion, Limits

Energy Technology

Energy Use and Conservation

Perspectives on the Energy Problem

MATERIALS

Materials Use: Flows and Stocks

Prospects for New Mineral Supplies

Augmenting Resources: Recycling, Substitution,
Low-Grade Ores

Conclusions

IV UNDERSTANDING ENVIRONMENTAL
DISRUPTION

DIRECT ASSAULTS ON WELL-BEING
Air Pollution

Water Pollution

Pesticides and Related Compounds
Trace Metals

Fluorides

Chemical Mutagens

lonizing Radiation

The Environment and Cancer

Noise Pollution

The Work Environment

Geological Hazards

The Human Environment

The Epidemiological Environment
DISRUPTION OF ECOLOGICAL SYSTEMS
Modifying Ecocystems

Pollutants in Ecosystems

Atmosphere and Climate
Thermonuclear Warfare

Ecological Accounting

V THE HUMAN PREDICAMENT:
FINDING A WAY OUT

HUMANITY AT THE CROSSROADS
The Optimum Population
Understanding the Web of Responsibility:

The First Step to Solutions
The Prospects

POPULATION POLICIES

Family Planning

Population Policies in Developed Countries
Population Policies in Less Developed Nations
Motivation

Population Control: Direct Measures
Population Control and Development
CHANGING AMERICAN INSTITUTIONS
Religion

Science and Technology

Medicine

Education

The Legal System

Business, Labor, and Advertising
Economic and Political Change

Some Targets for Early Change

A Question of Goals

RICH NATIONS, POOR NATIONS, AND
INTERNATIONAL CONFLICT

Rich World, Poor World

Population, Resources, and War

Helping the Poor: A Problem in Ethics
Inventing a Better Future

International Controls: The Global Commons
SUMMARY

Cornucopians Versus Neo-Malthusians
Defects in the Cornucopian Vision
Alternative Approaches to Technology and

Well-Being

Epilogue

APPENDIXES

World Demography/Food and Nutrition/
Pesticides/Reproduction and Birth Control

15% Discount with this Coupon

Please send me the copies of Ecoscience indicated below, at 15%
publisher’s discount. Full payment enclosed, publisher pays postage
and handling. This coupon must accompany order; discount not
available through retail bookstores.

——copies, cloth, regularly $39.95, Now $33.95
—copies, paper, regularly $19.95, Now $16.95

- W. H. FREEMAN AND COMPANY
- 660 Market Street, San Francisco, CA 94104

Name

Address

City/State Zip
California residents add 6% sales tax; 6%% in BART counties X 2933

161

© 1979 SCIENTIFIC AMERICAN, INC



"'\\ \_, Shearing force
/- 1\
_.‘ N\

Wei qh’r\\‘

[\

\ \
\ + \ \'\\ Friction and reaction forces
m\\'\‘x{ rom ground

Bending couple

Forces on the lower section of a falling chimney

l
|
l
|
|

/
Rath of ball /"|| l~—"Path of cup
in free fall |/ attached to board

ly
}
} \
{

Apparatus to demonstrate an effect of acceleration in falling

Iﬁ \ Net force perpendicular to

_\ \ axis of pencil attempts
\ \

to bend point

. ~ Measured y
Rupture \ lenqﬂﬁ i
\ “H& y \,

Rupture starts / Diameter of
where cross-sectional 7\ writing fip mea-

dlamefer = 3/2 tip di diameter -~ l % —sured in in experiment

Forces that tend to make a pencil point break

162

© 1979 SCIENTIFIC AMERICAN, INC

could be just a notch in the board. The
positioning of these items is such that
when the stick is knocked away, the ball
separates from the board (because the
board accelerates downward faster) and
falls into the cup.

One might expect the ball and the
board to fall at the same rate, in which
case they would reach the tabletop at the
same time and the ball would never end
up in the paper cup. Once the stick is
knocked away the ball is in free fall;
it accelerates downward with the nor-
mal gravitational acceleration of about
9.8 meters per second per second. The
board is subjected to an angular accel-
eration around the hinge because the
weight of the board creates a torque that
acts on the center of mass. This motion
causes the upper end of the board to
accelerate downward at a rate exceeding
the acceleration caused by gravity. The
rate does not depend on the length of the
board (because the center of mass will
still lie at the midpoint of any length and
the torque there will give rise to the
same acceleration at the upper end), but
it does depend on the angle between the
board and the table. As the board falls
and the angle decreases, the downward
acceleration of the upper end increases
to a value of 1.5 times the normal accel-
eration. As a result the board and the
cup reach the tabletop before the ball
does. If everything is positioned correct-
ly at the outset, the ball will drop neatly
into the cup.

Albert A. Bartlett of the University of
Colorado at Boulder has recently de-
scribed a modification of this design. He
fastened a weight at the uppermost end
of the board, just above the notch for the
ball. I would have thought that the addi-
tional weight would cause the board to
accelerate downward even faster, but
actually it has just the opposite effect.
The additional mass on the board slows
the acceleration because the torque can-
not accelerate both the board and the
additional mass as much as it does the
board alone. If enough extra weight is
added, the board cannot reach the table
ahead of the ball and the ball therefore
does not drop into the cup. Under some
circumstances the acceleration of the
board is so slow that the ball remains in
contact with the board at the beginning
of the fall and acquires a horizontal ve-
locity before it finally separates from it.
The ball then overshoots the cup instead
of landing in it.

Now for the pencil. As you are quite
aware, the point of a pencil is likely to
break if you push down too hard while
you are writing. The point cracks be-
cause of bending stresses, in much the
same way a falling chimney does.

Have you ever noticed that all broken
pencil points are about equal in length?
Donald H. Cronquist of San Jose has
observed this consistency and has de-
vised a simple model to explain it. He



first ruled out defects of manufacturing
and damage from sharpening as the pri-
mary cause of the uniform breaks. Man-
ufacturing defects would be too random
from pencil to pencil, and damage from
sharpening could be detected by looking
closely at the point. It seemed more like-
ly that the point ruptured on its bottom
side at a place where the bending stress
exceeded the tensile strength of the lead.
Tensile strength is a measure of the
maximum stress (the force per unit of
area) a material can withstand without
bending as the stress acts to elongate it.
When the stress exceeds that maximum
value, the material ruptures. (If, on the
other hand, the material is compressed,
the stress ultimately exceeds the com-
pressive strength of the material and the
material collapses.)

When you write with a pencil, the
forces on the tip from the paper and the
tabletop set up stresses along the point.
In particular a net force perpendicular
to the axis of the pencil acts to bend the
point, compressing the top side and
elongating the bottom side. Stresses
arise across a cross section of the point.
In a brittle material such as pencil lead
the maximum possible stress in elonga-
tion (the tensile strength) is usually less
than the maximum possible stress in
compression (the compressive strength).
Hence when a stress limit is reached, it is
most likely to be at a place on the bot-
tom side of the point.

When a pencil is sharpened, the tip is
normally not made perfectly sharp and
so the point does not form a complete
cone. A certain length is missing. Cron-
quist generalized his calculations by
measuring the distance from the actual
writing tip upward as a ratio of the miss-
ing length. His calculations indicate that
the bending stress is at a maximum at a
place distant from the writing tip by half
the missing length. Since the sharpener
grinds the point in a conical shape, this
result means that the bending stress is at
a maximum at a place where the cross-
sectional diameter is 1.5 times that of
the writing tip (a ratio of 3 to 2). An
idealized pencil is most likely to rupture
at that place.

For a blunter tip the broken-off point
is longer, because with a larger diameter
for the writing tip the place of maxi-
mum bending stress is farther up the
cone formed by the point. Since the
point characteristically breaks soon af-
ter the pencil is sharpened, however, the
broken-off points will usually be short
and of about equal length. The actual
force and stress required for breaking
will vary from pencil to pencil, depend-
ing on the hardness of the lead and the
angle of the cone on the pencil point, but
the maximum bending stress should still
occur at the theoretical place deter-
mined by the 3 :2 ratio of diameters.

The analysis does not extend to se-
verely blunted pencils. In such a pencil
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the breaking point would theoretically
be up on the wood shaft. Moreover, the
3:2 ratio of diameters representing the
most likely place of breaking may not
exist. The analysis also does not allow
for variations that actually are due to
manufacturing and sharpening and does
not consider the variety of forces on the
pencil during use. Finally, the analysis
ignores the net force parallel to the axis
of the pencil, concentrating instead on
the net force perpendicular to the axis.
Nevertheless, the formula does predict
the lengths of the broken-off points fair-
ly well.

I checked the analysis by systemati-
cally sharpening and breaking the points
of several No. 2 pencils. The diameters
and lengths of the broken-off points
(measured from the writing tip to the
place where the rupture began on the
bottom side) were measured with a mi-
crometer. At first I made no attempt to
standardize the breaking. The results
were inconclusive because the lengths of
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axis ) J &L
/".‘ o AN
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Motion - following y
wheel

/  Counter and
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Clock drive )z

reduction-gear

the broken-off points varied considera-
bly even when the tip diameters were
the same.

Next I tried to make the breaking
more consistent. When I sharpened a
pencil, I rotated it as I rotated the han-
dle of the sharpener in order to make
the grinding uniform around the pencil
point. Then I held the pencil so that its
tip was at a certain place on the table
and my hand was poised just above a
rubber stopper I used as a reference
height. In this way I kept the angle of the
pencil with the tabletop roughly the
same (about 45 degrees) throughout.
With a pencil so positioned I pressed
down until the point snapped off. (Take
care that the point does not fly into your
eye.) If the rupture occurred up on the
wood casing around the lead, I discard-
ed the datum.

The points nearly always broke in the
same way. The rupture began on the
bottom side of the point and propagated
upward and away from the writing tip
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How John and Dave Guerra set up a calculator to record a telescope’s lateral motion
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until it reached the top side. Neither
Cronquist nor I know exactly why the
rupture propagates in this manner, al-
though the pattern is similar to the rup-
ture patterns of falling chimneys.

I plotted the lengths of the broken-off
points against the diameters of the writ-
ing tips. To fit a straight line through the
data points I used a pocket calculator
that could do a linear regression. With
both axes on the graph having the same
scale, the slope of the line was 2.5. With
my sharpener, which produces pencil
points whose apex angle is about 12 de-
grees, the slope of the line should be
about 2.2 according to Cronquist’s the-
ory. Considering the variation in the
construction of pencils the experimen-
tal results were surprisingly close to the
theoretical ones.

You might continue collecting data
on the lengths of broken-off points by
investigating pencils of differing hard-
ness and diameter. Is Cronquist’s model
correct in predicting that neither factor
plays a major role in the lengths of the
broken-off points? You might also see
how the length varies as the angle be-
tween the pencil and the table is varied.
For any such variation you need to col-
lect a lot of data, plot them and then
determine the best fit of a straight line
through them. You might find that the
theory does not work as well when the
pencil tip is quite sharp or quite dull and
that something other than a straight line
fits the data better.

Mechanisms for indicating the posi-
tion of a telescope are sometimes
awkward and difficult to read in the
dark. John and Dave Guerra of Ludlow,
Mass., have designed a position indica-
tor employing the integrated circuit of
a pocket calculator. The device is in-
expensive, highly accurate and easy to
read in the dark.

Not all calculators are suitable. You
can find an appropriate one by the fol-
lowing procedure. Turn on the calcula-
tor and press first the “plus” key and
then the “1.” Next press the “equals”
key several times. The calculator should
add 1 to a running sum each time you
push the equals key. Now press the
“plus-minus” key once (this key is the
one that causes the calculator to change
sign) and the equals key again several
times. The calculator should subtract 1
from the sum with every push of the
equals key. If the calculator does all of
this properly, it is suitable for the Guer-
ra design.

The Guerras’ idea was to couple the
rotating shaft of the telescope to the dig-
ital display of the calculator so that the
display gives the orientation of the tele-
scope. The coupling is accomplished in
several steps. The Guerras’ telescope
has a polar driveshaft with a gear ratio
of 10:1. They attached a clock reduc-
tion mechanism with a ratio of 120:1,
thereby providing a net output rotation
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1,200 times the rotation of the telescope.
On the final drum of the clockwork they
drilled six holes arranged to rotate
through a light beam directed on a pho-
tocell. Each time the final drum of the
clockwork rotated one revolution the
beam fell on the photocell six times. One
complete polar rotation of the telescope
therefore resulted in 7,200 light pulses
(6 X 1,200). The photocell was wired to
the equals key on the calculator so that
each light pulse actuated that button
and added another 1 (or any other cho-
sen quantity) to the running sum. The
Guerras built two of these devices, one
for the right-ascension axis of the tele-
scope and one for the declination axis.

To use the devices the Guerras first
orient the telescope toward a star of
known position, setting their calculator
at the star’s coordinates as obtained
from a star atlas. Then they turn the
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telescope about its rotational axes to
another star whose position they want
to determine. The rotation triggers the
photocells, which in turn actuates the
calculators. The new coordinates are
then read from the displays.

The interval in a calculator (how
much the calculator advances with each
light pulse on the photocell) can be pre-
set. Suppose you make it .2. Then each
pulse increases the display by .2. A full
rotation of the telescope, which corre-
sponds to 24 hours, or 1,440 minutes,
reads out as 1,440. In other words, the
readout is in minutes of time, which
would be suitable for right ascension.
If one prefers minutes of arc (suitable
for declination), a preset quantity of 3
vould be appropriate.

The Guerras used a Concept V calcu-
lator in their setup. Other brands may
suit you better. If you use another calcu-
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lator, you will have to repeat the Guer-
ras’ procedure for determining how the
pins of the circuit are coupled to the
keys on the keyboard. For the Concept
V the Guerras were able to determine by
visual inspection how the switches be-
hind the individual keys connected to
the leads on the integrated-circuit board
and how the leads in turn were connect-
ed to the pins on the back of the board.

Visual inspection may be too difficult
with some calculators. Then you will
have to probe the pins with a device that
consists of an inexpensive n-p-n transis-
tor, some resistors and a push-button
switch. Choose the resistor associated
with the switch so that about 10 mil-
liamperes goes through the resistor
when the switch is closed. For example,
if 10 volts is put through the switch (as in
the bottom illustration on page 163), the
resistor should be 1,000 ohms. When

(connected electrically to terminal connections

ervals)
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the switch is pressed, a signal is sent
to the transistor, causing a positive log-
ic signal to be fed from the battery of
the calculator to the pin under investi-
gation. If you have a calculator that
responds to a negative logic signal, in-
terchange the positions of the push-but-
ton switch and its resistor. Some cal-
culators, such as the SR-40 made by
Texas Instruments Incorporated, work
differently. Instead of having a common
ground on one pin, the calculator is de-
signed so that when a key is pressed, it
short-circuits two pins to actuate the de-
sired process. With any calculator you
should do your probing carefully in or-
der to avoid damaging the instrument.
When the telescope is rotated in the
direction opposite to what is considered
the positive sense, the calculator has to
be told to subtract each pulse it receives
from the photocell. The Guerras de-
vised a simple mechanism that triggered
the plus-minus key so that the proper
operation would be performed. A thin
metal band (acting as a friction clutch)
around the rotating drum holds a small
magnet. Positioned around the magnet
are three reed switches. When the tele-
scope is rotated in the positive sense, the
magnet rests against one of the reed
switches, with the result that each light
pulse causes the calculator to add. When
the telescope changes direction, friction
causes the metal band to rotate with the
drum, so that the magnet passes the cen-
tral reed switch and comes to rest on the
third switch. When the magnet passes
the central switch, the magnetic field
momentarily closes the switch by forc-
ing together the two leads in the switch.
During that brief closing the switch
sends a pulse to the calculator to switch
signs. When the magnet comes to rest
again, this time on the third switch, light
pulses actuate the photocell and the
equals key again, but now the calculator
subtracts the preset interval from the
preceding sum. The two outer reeds are
in electric parallel with each other and
together are in electric series with the
photocell to prevent erroneous pulse
counts during the change of direction.
The Guerras also constructed a turn-
on mechanism that takes care of the ini-
tial operations of actuating the plus key
and presetting the desired interval. It
consists of a sliding, spring-loaded bar
of Plexiglas fitted with a small magnet.
Below the path of the magnet is anoth-
er sheet of Plexiglas containing several
reed switches. Each switch is wired to
the calculator keys that would normally
have to be pressed to prepare the calcu-
lator for use. To prepare the calculator
one slides the bar over the reed switches.
The last switch, which acts as a stop for
the magnet, actuates the penlight cells
and a three-volt flashlight bulb that
shines on the photocell. If the operator
wants instead to use the calculator just
as a calculator, the magnet is pulled
back short of this last reed switch.



Food. Water. Shelter. And living
space. These are the essential in-
gredients for the survival of all wild-
life. In a word — habitat. And ac-
quiring and restoring millions of
acres of productive habitat has been,
and continues to be, the major goal
of our state and federal wildlife
agencies. Today wetland areas that
have been set aside support not only
a variety of waterfowl but a wide
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range of shore birds and a host of
other marshland species. Other wild-
life lands provide suitable habitat for
everything from whirtetail deer to
songbirds. Maintaining and develop-
ing these wildlife areas costs millions
of dollars each year. Most of the
money has come from American
sportsmen. For more information,
write to: NSSF, 1075 Post Road,
Riverside, CT 06878.
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BEYOND DIRECT DRIVE:

THE FISHER LINEAR MOTOR TURNTABLE

The direct drive tumntable was
a great advance in record play-
ing precision. But Fisher has now
taken turntable technology a
maijor step further with the MT6225A
Linear Motor turntable system.

Conventional direct drive sys-
tems do a great job of reducing
rumble. Butthe small diameter and
relatively few poles (usually 12 or
16) of the motor result in low torque
and a distinct “cogging” tend-
ency that can make them suscep-
tible to wow and flutter.

The Fisher linear motor, by con-
trast, uses 120 poles and a unique
3-phase electronic drive system
that produce a perfectly timed
sequence of closely overlapped
drive impulses. So cogging is, for
all practical purposes, eliminated.
And wow & flutter are held to an
incredibly low 0.03% WRMS.

Speed control in the MT6225A
is accomplished via special feed-
back sensing coils that operate on
the same magnetic poles that
drive the platter, ensuring instant
response to transient loads and
long-term speed =~ A=
accuracy within E-’ . ‘L
0.5%. Both 33 and ¢ b
45 rpm speeds are independently
adjustable over a +3% range,
and may be set exactly with the
built-in stroboscope.

BOTTOM VIEW OF PLATTER

120 pole
permanent
femte
magnetic band

cueing and automatic shutoff are
provided, plus a Reject button
that returns the arm and stops the
turntable at any time during play.
The MT6225A is mounted in a
heavy, beautifully finished base

TOP VIEW OF BASE
Drive signal generurur sensing coils

Electromagnetic
dnvers and

servo-speed
(‘()HIH)I

M\[\!\"\nnﬂﬂ

)

equipped with adjustable feet
and a built-in bubble level that
makes it easy to set the turntable
perfectly level for best perform-
ance. The level also serves as a
stylus overhang indicator for pre-
cise cartridge mounting.
Considering the extremely high
performance and “beyond state-
of-the-ant” engineering of the
MT6225A, you might easily expect
topay $400 or $500 forit. But Fisher

The tonearm of the MT6225A is as
advanced as the drive system,
and features an extra-long
low mass tubular arm
balanced both
vertically and
laterally
Mounted
in a \{ v

low-friction gimbal assembly
and equipped with calibrated
anti-skating, the arm tracks even
the most delicate audiophile cart-
ridges with ease. Viscous damped
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ingenuity (born of 42 years refining
the high fidelity art) enables us to
offer it at a price below that of
many turntables that don‘t perform
as well: $250*. The same linear
drive system with a slightly differ-
ent fonearm is available in the
MT6224, priced at $200*.

Only Fisher could go beyond
direct drive, and still stay within

reason

See the sensational linear drive

Y turntable and other fine Fisherturn-

tables priced from $120* at se-
lected audio dealers or the audio
department of your favorite
department store.

Manufacturer’s suggested retail price. Actual

selling price determined solely by dealer.
*New guide to buying high fidelity equipment.

Send $2 for Fisher Handbook. with name and

address to Fisher Corp..Dept. H. 21314 Lassen
St..Chatsworth. Calif. 91311.

# FISHER

The first name in high fidelity.

MT6225A
(© 1978 Fisher Corp.. Chatsworth, CA 91311



There's good news and good news. First, the good news.
The new 1979 Toyota Corona has been redesigned to deliver
even more style, comfort and value than you've come to ex-
pect of this class car. Now, the good news. There's a new sportier
Corona with a large rear opening hatch. As you can see
by the illustration, this opens up a whole new world of
convenience and versatility. The Corona Liftback is the
newest of the new. A grand addition to a great car.

The news gets better. The European intluanced
styling you can see, but wait until you experience the comfort,

convenience and Toyota quality. Fully adjustable/reclining bucket seats, tinted
glass, and plush pile carpeting. it's all there. What you may not see is the newly

redesigned front suspension which gives the '79 Corona a really smooth ride.
it's beauty. It's comfort. It's Toyota.

The best news isn’t news. The new Corona is a Toyota. Built in a

tradition of toughness. Welded unitized body construction helps eliminate
rattles and squeaks. Power assisted front disc brakes instill a feeling

of confidence. Extensive rust preventative measures help ensure a car
that will last. All in all, the new Corona does a lot to further the premise.

It you can find a better built small car than a Toyota...buy it."
The new Toyota Corona

__ THENEW.5DOOR CORONATOYOTA
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