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Reproduced from the original unretouched photograph
‘Polaroid. “SX-70" and "OneStep™®
© 1979 Polaroid Corporation

How's this for yellow?
Bright. Cheerful. And
notice how crisp the
red, white and blue
colors are, too. This pic-
ture was made with the
same SX-70 film used
by millions of amateurs
and professionals. The
camera: the SX-70 Sonar
OneStep, one of three
OneStep Land cameras
that hand you a develop-
ing picture at the touch of
one button, SX-70: beautiful
color has never been easier.
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How a phone call solved the mystery
of the sandy teacups.

Based on an actual call made to the toll-free 24-hour Whirlpool Cool-Line® service.

(Telephone Rings)

Cool-Line Consultant: Whirlpool Cool-Line. May | help
you?

Woman: | just bought a Whirlpool dishwasher and | keep
finding sand in my teacups. Can you help me?

Consultant: That's why I'm here. Now, about the sand.
Are the rest of your dishes clean?

Woman: They're fine. My husband'’s a Mexican food freak.
Even pans with baked-on refried beans get clean. But
where did the sand come from?

Consultant: What does the sand look like?

Woman: Like...sand. In a puddle of water that didn't
drain out of the teacup.

Consultant: If you're seeing “sand,” it could be your dish-
washer detergent hasn't dissolved. Do you have a cup
with some “sand” in it now?

Woman: Right here by the phone.

Consultant: Does the “sand”
look like detergent?

Woman: You mean this
is detergent?!?

Consultant: Look closer.

Woman: It does look like detergent. So why didn't it
dissolve?

Consultant: Check your water temperature. At your
dishwasher, it should be at least 140¢°. If it's okay, then
| suggest you buy a fresh box of detergent. Dishwasher
detergent sometimes has a very short shelf life and
doesn't dissolve completely when it’s old. And make sure
you load your teacups properly, so all the water drains out.

Woman: Wow. You really helped. Sorry | bothered you,
but at least | didn't have to call a repairman. Thanks for
your time.

Consultant: Glad | could help.

This is the kind of two-way communication we've been
having with our Whirlpool Cool-Line service for the past
eleven years. It's just one example of the continuing
concern we have for customers who purchase quality
Whirlpool appliances.

If you ever have a question or problem with your
Whirlpool appliance, call our toll-free 24-hour Cool-Line
service at 800-253-1301. In Alaska and Hawaii, dial 800-
253-1121. In Michigan, call 800-632-2243. If our Cool-
Line service can't help, we have Whirlpool franchised
Tech-Care® service representatives all over the country

who can.
> .
Whirlpool

Home ppliances

Quality. Our way of life.
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41% BETTER EPA ESTIMATED
GASMII.EAGEIHOURMOST

What a difference a model year can make
That's all it's taken tor our all new 1980 Pontiac
Phoenix to score 41 percent better EPA estimated MPG

l over its 1979 counterpart

(Based on a comparison of
1979 and 1980 Pontiac
EPA ESTIMATE MPG  HWY ESTIMATE

Phoenix models with
standard powertrains’
The highway percentage
increase is 42 percent.)

It's all the more exciting
when you consider these
1980 Phoenix mileage estimates

Remember: Compare the arcled estimated MPG with
that of other cars. Your mileage may vary depending on
speed. trip length and

But great

« 8

weather. And your actual
highway mileage will
probably be less than the
highway estimate
Standard powertrain not
currently avail. in Calif

just the beginning of the excitement, Phoenix for 1980
has been dramatically redesigned from the ground up.
Choose from the rakish new five-passenger Phoenix
Coupe and the sporty and versatile Phoenix Hatchback.

You get an exciting new chapter of Pontiac driving
fun. With front-wheel drive. Rack and pinion steering.
And MacPherson strut front suspension.

Another exciting thought. You get even more stan-
dard teatures than on our well-equipped 79 Phoenix
Such new standards as radial tuned suspension, integral
body-color bumpers. column-mounted dimmer/washer
switch, dome lamp switches on all the doors, load floor
Hatchback carpeting and much more

That's more Pontiac

So don't let the excitement pass you by. Buy or lease
the all new Phoenix Coupe and Hatchback at your
Pontiac dealer s. It's going to be quite a year
‘Phoenix is equipped with GM-built engines

produced by

See your dealer

for details

ALLON V
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executive health

the report that briefs you on what to watch

©OWORLD COPYRIGHT RESERVED 1978 BY EXECUTIVE PUBLICATIONS

Volume XIV, Number 10 * July, 1978 e Pickfair Bldg., Rancho Santa Fe, Calif. 92067 ¢ Area 714:756-2600

New research findings . . .

ON WALKING ... nature’s own
amazing ‘anti-age antibiotic”!

Not running, not jogging, but walking
is your most efficient form of exercise
and the only one you can safely
follow all the years of your life!

Today, after some 2000 years, modern medical re-
searchers are demonstrating (somewhat to their sur-
prise) that Hippocrates, “the father of medicine” was
right . . . walking is man’s best “medicine”!

Take one example. At a three-day conference on
Exercise in Aging—Its Role in Prevention of Physical
Decline (held October 27-29, 1977, at the National
Institute of Health, Bethesda, Maryland) researchers
from across the United States, Canada and Western
Europe presented papers on this (until now) largely
neglected area of research. As their papers were pre-
sented, these important points of agreement emerged:

(1) Walking is the most efficient form of exercise
. and the only one you can safely follow all the
years of your life.

(2) Exercise can enable your body to maintain a
vital reserve which has a protective effect during stress.

(3) Exercised bones do not demineralize. As a re-
sult they are far less likely to break or lose their range
of motion.

(4) Exercised lungs still exhibit the emphysema-
like changes of age, but are far less diminished in their
capacity compared to the lungs of sedentary people.

(5) Exercised cardiovascular systems show a simi-
lar maximum preservation of function.

(6) The benefits of exercise in preventing or cor-
recting obesity are striking.

(7) Late-onset diabetes is almost entirely revers-
ible by exercise if you are overweight.

(8) Daily exercise permits greater food intake and
better blood circulation, thus improving each body
cell’s nourishment while preventing obesity.

(9) The physically impaired, particularly the arth-
ritic, can perhaps benefit the most from exercise . . .
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How Long Will You Live?

Ignorance about how to take care of yourself can be
the mistake that kills you in your 50’s or 60’s . . .

“the dangerous years

Discover what research scientists
now know about how to take the best
care you can of the only body you
will ever have.

Do as so many thousands of execu-
tives do. Subscribe to Executive Health
Report. The members of our Editor-
ial Board are among the world’s most
distinguished authorities on preven-
tive medicine. Their wise advice can
help you not only live longer but en-
joy those extra years! (Note their
high qualifications.)

Executive Health Report is not sold
on newsstands but only by private sub-
scription at $24 a year in the U.S.A.
and its possessions, Canada and
Mexico. Individual reports (back
issues) $2.00 per copy. All other
countries $26 by surface mail, $30 by
air mail. (Only International Money
Order or check cashable on US. bank
will be acceptable.)

Subscribe now under this unusual
introductory offer:

(1) Your choice of any three of
the reports listed below (82.00 each)
FREE!

(2) If you are not satisfied with
your first issue, your money will be
promptly refunded.

Please study the reports listed here
and circle your three choices:

New research findings On Walking ...
nature’s own amazing ‘“anti-age anti-
biotic”! Not running. not jogging,
but walking is your most efficient form
of exercise and the only one you can
safely follow all the years of your life!

Linus Pauling, Ph.D.: For the best of
health, how much vitamin C do
you need? People who take the opti-
mum amount of vitamin C may well
have, at each age, only one quarter
as much illness and chance of dying
as those who do not take extra vita-
min C.

New research findings On Zinc . . .

the amazing metal so essential to your
health.

George C. Griffith, M.D.: On those
irregular Heart Beats (Arrhythmias).
Some mean little or nothing, but others
warn your heart is in trouble. Have
you had any irregular heart beats?

On The Syndrome Of Longevity. Key
factors dependably present (“con-
stants”) in the way of life of men who
have outlived other men born when
they were by a generation!

Roger J. Williams, Ph.D., D.Sc.: On
Your Startling Biochemical Individual-
ity. Some amazing facts about your
body you need to know if you want
to understand yourself (and other
people) better.

Jeffrey A. Gray, Ph.D.: On Anxiety
and hope to cope with it!

John K. Lattimer, M.D., Sc.D.: On
that treacherous gland, your prostate
— especially as you approach 50.

Linus Pauling, Ph.D.: What About
Vitamin E? Eminent investigators now
suspect it may be one of the key fac-
tors to help resist disease and slow
the aging process.

On “The Horizontal Exercise.”” New
research findings about sex and how
to keep your middle age young!

The truth about the right diet and ex-
ercise to lose weight safely and stay
slender for life.

Go easy gentlemen, too much social
drinking damages your liver (even
though you may feel well, eat well,
and never get tight!).

On stress and the executive. Dr. Hans
Selye, world-famous endocrinologist,
explains why hard work is the secret
of living a long, satisfying and success-
ful life.

If you get a heart attack, what then?
Dr. Paul Dudley White gives you some
amazing case histories of long life!
Travel risks travel agents don’t talk
about! Things you should know and
do if you want to fly the world and
come home healthy!

”'

Alton Ochsner, M.D.: On “The Chair
Disease” . . Why blood clots in
your veins are a little-realized hazard
of “desk-bound” executives.

Stephen R. Elek, M.D. On “The Hurry-
up Disease.” Why it may be a key fac-
tor that triggers heart attacks as early
as age 40.

James F. Toole, M.D.: Can An Aspirin
A Day Keep A Stroke Away?

If you sit at a desk all day . . . How to
avoid a Pot-Belly and Double-Chin (or
get rid of them for good!)

Jan Koch-Weser, M.D.: On Systolic
Hypertension, more common than di-
astolic hypertension and as dangerous.
What it is, what it does, and what to
do about it.

Linus Pauling, Ph.D.: On Vitamin C
and Cancer. Recent studies show that
vitamin C has a large life-extending
effect for patients with advanced can-
cer and suggest a similar large effect
for earlier stages of the disease.
Leonard Hayflick, Ph.D.: On Getting
A Good Night’s Sleep! What research
scientists now know about this myste-
rious process we so calmly call “sleep.”
Albert Szent-Gyorgyi, M.D., Ph.D.: On
A Substance That Can Make Us Sick
(If We Do Not Eat It!) One of the
world’s most honored scientists, win-
ner of the 1937 Nobel Prize for Phys-
iology and Medicine explains the fas-
cinating paradox of vitamins.

New Discoveries: On The Dangers of
Not Getting Enough Magnesium in the
Food You Eat. Chronic deficiency can
cause heart disturbances ranging from
premature beats to deadly ventricular
fibrillation with its useless fluttering
of the heart.

Please use the coupon below under
our special money-back guarantee.

EXECUTIVE HEALTH, Pickfair Bldg., Rancho Santa Fe, CA 92067

Gentlemen: Enclosed is my check for $

for a year’s sub-

scription to Executive Health to start with this month’s issue. I have cir-
cled the three $2.00 reports I am to receive free. It is understood that
if I am not satisfied with my first issue, my money will be refunded.
NOTE: In filling out coupon below please include all information neces-
sary to insure delivery. Failure to do so risks postal loss of letter.

Firm/Name (Please print clearly)

Street & No./Route

Suite or Apt.

City, State, Country

Zip SA-2
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Now this doctor can search
through a medical library half a world away,
and never leave her office.

Like doctors anywhere,
this doctor in Paris some-
times comes across a case
that's hard to diagnose.

But these days she can
turn to the National Library
of Medicine in Washington,
D.C.—through a computer
terminal right in the office.

In less time than it takes
to tell about it, she's
able to search through over
half a million medical

references stored in the Communications.

Library's computers. And today it's being used
To help her find out what not only by medical people,

ails her patient. but by people in business,
This wealth of current finance, the sciences, agri-

medical knowledge is being culture, mathematics, mar-
brought to doctors, from keting, whatever.

France to Hong Kong, UDTS s surprisingly eco-

through the Universal Data nomical, too.

Transfer Service (UDTS). All of which makes it not
It's a data transmission  only a remarkable tool, but

network created by the something just asimportant.

people of [TT World A practical tool.

The best ideas are the ITT
ideas that help people.

© 1979 International Terep_hone and Telegraph Corporation, 320 Park Avenue, New York, N'Y 10022
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THE COVER

The photograph on the cover is a close-up of a living colony of the brain coral
Diplora, situated on Elkhorn Reef in Small Hope Bay off Andros Island in the
Bahamas. The fissures of the coral skeleton are lined with living polyps, which
retract into the grooves during the day, as is shown here. At sunrise and sunset
the polyps emerge to feed, immobilizing minute crustaceans and other zoo-
plankton with the stinging cells on their tentacles. The remarkable ability of
the living polyps to accrete enormous skeletons of calcium carbonate, thereby
building up a massive wave-resistant structure, depends on their intimate part-
nership with symbiotic algae called zooxanthellae (see “Corals and Coral Reefs,”
by Thomas F. Goreau, Nora I. Goreau and Thomas J. Goreau, page 124). In
spite of the low fertility of tropical seas, coral reefs harbor an enormous diver-
sity of plant and animal species and are probably the most complex ecosystem.
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Offprints

Each article in each issue of
SCIENTIFIC AMERICAN is
available in a separate Offprint
starting January,1977

Oftprints 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 arelisted
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
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Readers, pre-selected course-oriented
sets of Offprints, are accompanied by
selector’s commentary relating the ar-
ticles to one another and to formal
course work. Write for catalogue.

W. H. Freeman and Company
660 Market Street, San Francisco, Cal 94104

Please send me Offprints:

Title of Article Quantity

Total
Multiply by $ .40
Payment Enclosed $

Minimum order $5.00, payment with order
California residents add sales tax

[:] Please send free Offprint catalogue
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Not long ago, if you mentioned to someone
you were in the information management field, you
were greeted with a polite smile and a vacant stare.

Today, you're liable to get ajob offer.

Suddenly major corporations are hiring
Directors of Information Management and Managers
of Information Services. Who, when they arrive on
the job, will find several hundred million pieces of
information waiting to be managed.

Fortunately, theyll also find a company who
can help them manage it: Xerox.

We offer Xerox copiers and duplicators that
not only reproduce information, but also sort, reduce
and copy on both sides.

Electronic printers that take information
directly from computers—and then print it out with
laser beams.

Electronic typing systems that type and store
information—so you can readily find and revise it.

In fact, today there are Xerox machines that
can perform almost any information management
job. Including the most important one:

Helping information managers do their job.

XEROX

XEROX® is a trademark of XEROX CORPORATION.
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Actual,
unretouched
photo of an
oscillograph
test.

The oscillograph you
see is an actual photo
of a high-quality audio
system “playing” a
fingerprint.

You're hearing finger-
prints now through

- .
your speaker system, i pldd
Instead of the sound u
your precious discs ™= ]

’

are capable of. And ‘,}__-1""'
no vacuum record @
cleaner, brush-arm -

or trealed cloth will

remove them. None e

The sound | -
of your
fingerprint

But Discwasher® —with new

’3 fluid —removes fingerprints
completely. Along with dust. And
manufacturing lubricants (added
to make pressing faster) that can
act like groove-blocking finger-
prints. All this cleaning without
pulling polymer stabilizers from
your vinyl discs.

Discwasheru. The only safe,
effective way to silence the
printed finger. At Audio
specialists world wide.

Discwasher, inc.
Columbia, Mo. 65201
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LETTERS

Michael Burgett’s letter [SCIENTIFIC
AMERICAN, June], referring to Jearl
Walker’s “The Amateur Scientist” for
April, points out that the pollen grain of
Beta vulgaris L. is dimpled like a golf
ball and then says: “It is readily appar-
ent that natural selection preceded man
by more than a few million years in de-
signing a sphere that would travel long
distances.”...

The facts are these. As almost any ele-
mentary book on fluid mechanics ex-
plains, it is only in a certain limited
range of Reynolds numbers that rough-
ening of a sphere acts toreduce the drag.
The anomalous effect is due to the effect
of boundary-layer behavior on flow sep-
aration and the formation of a low-pres-
sure wake. At the extremely low Reyn-
olds numbers applicable to the aerody-
namics of pollen, however, the flow with
respect to the pollen grain is essentially
inertia-free, there are no boundary lay-
ers, there is no separated wake and in-
deed the roughening or dimpling of the
surface has virtually no effect on drag.

Apart from this aerodynamic fact the
irony is that grains of pollen travel long
distances because of high drag, not low
drag. If the drag force were small with
respect to the weight of the pollen grain,
the grain would fall to the ground, if not
like a lead shot, then perhaps like a Ping-

Editorial correspondence should be addressed to The
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue,
New York, N.Y. 10017. Manuscripts are submitted at
the author’s risk and will not be returned unless accom-
panied by postage.

Advertising correspondence should be addressed to C.
John Kirby, Advertising Director, SCIENTIFIC AMERI-
CAN, 415 Madison Avenue, New York, N.Y. 10017.

Offprint correspondence and orders should be ad-
dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 40 cents.

Subscription correspondence should be addressed to
Subscription Manager, SCIENTIFIC AMERICAN, 415
Madison Avenue, New York, N.Y. 10017. For change
of address, notify us at least four weeks in advance.
Send both old and new addresses and enclose an ad-
dress imprint from a recent issue. (Date of last issue on
your subscription is shown at upper right-hand corner of
each month’s mailing label.)

Name

New Address

Old Address
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Pong ball. The true relation between
aerodynamics and natural selection is
that the smaller the pollen grain is, the
farther it will be carried by wind, be-
cause the ratio of drag force to weight is
inversely proportional to the square of
the diameter.

Incidentally, Walker’s article correct-
ly states that I did experiments on dim-
pled v. undimpled golf balls [the film
The Fluid Dynamics of Drag, National
Committee for Fluid Mechanics Films,
and the book Shape and Flow: The Fluid
Dynamics of Drag, Doubleday, 1961],
but it was from other sources that I re-
ported that dimpled balls travel four
times farther than smooth ones.

ASCHER H. SHAPIRO

Institute Professor
Massachusetts Institute of Technology
Cambridge, Mass.

Sirs:

I enjoyed reading “The Physics of Ka-
rate,” by Michael S. Feld, Ronald E.
McNair and Stephen R. Wilk [SCIENTIF-
IC AMERICAN, April]. It might be pointed
out that karate strikes are of interest not
only to physicists but also to physicians.
In 1880 what is called march hemoglo-
binuria was first described in German
soldiers who had walked long distances.
In the early years of this century it was
observed that a psychiatric patient in
Boston who struck his head constantly
with the palm of his hand also had de-
veloped hemoglobinuria. The cause of
march hemoglobinuria was then under-
stood: it is the breaking of red blood
cells by trauma. March hemoglobinu-
ria virtually disappeared when infantry-
men were issued shoes with rubber soles
and heels.

We still see the condition, however, in
marathon runners, in bongo drummers
and occasionally in basketball players.
While I was working at Nippon Univer-
sity in Tokyo it occurred to me that we
might find this condition in karate per-
formers. Many individuals who prac-
ticed by regularly breaking bricks and
boards, as did the authors of your arti-
cle, had hemoglobinemia and even he-
moglobinuria.

The purpose of this note is to warn
people who participate in such activity
with any regularity that they will proba-
bly break red blood cells. This, however,
should not cause any permanent dam-
age if the condition occurs only spo-
radically. Persistent hemoglobinuria,
however, could lead to tubular necrosis
of the kidneys. On rare occasions that
could be fatal.

HERBERT BERGER, M.D.
Professor of Medicine

New York Medical College
New York



(We need your opinion)

A system with
remote for less
than the other

people charge

for justa
telephone
answering

machine

This ad’s a test. A kind of consumer survey.
With a special Free Offer. To see if the low price
of the new Call Jotter remote telephone an-
swering system can turn one of the biggest
selling business items into one that's success-
ful with consumers, too.

Ordinarily, information like this comes from a
consumer panel. Focus groups. But the man-
ufacturer wasn’t about to commit for the enor-
mous sum required based on talk. He wanted
facts. And came to us, as one of the largest mail
merchandisers, for help. Because orders are
facts he could act on.

Quality Features

For our part, we tested the Call Jotter
thoroughly. And can tell you it's exceptionally
well made. (It has to be to get our guarantee.)
With solid state, microprocessor technology
and plug-in simplicity. It's FC.C. approved. And
delivers the freedom and convenience you get
with systems selling for $299.95—which is the
going price, as you know, for remote telephone
answering machines.

One thing we did tell the manufacturer:
something extra should be given to those who
participate in this test. He agreed. So, you'll
receive with your order a FREE professionally
recorded tape that answers and records 30
messages . . . a FREE blank tape for recording
your own messages or for when you're using
the machine as a cassette recorder and player
... plus a FREE adapter for connecting the Call
Jotter to your telephone jack.

An Extraordinary Convenience

Now, we ask you, how much would it be
worth to you, to your wife, even your teen-age
children to never miss or worry about a phone
call again? And to get your messages without
having to wait until you get home—from any
phone, anywhere in the world. Resetting the
machine to take 30 more messages by touch-
ing a button on the Tele-Key remote control.

Of course, you'll use your Call Jotter to an-
swer the phone when you're working outside
and when you're in a part of the house where
there’s no telephone.

How much would you spend for an answer-
ing machine when the phone rings and you're
up on a ladder painting the house? It's true—
isn't it—the phone always seems to ring at
exactly the wrong time. Like the critical moment
in your favorite show and whenever you're tak-
ing a nap.

Ge! your message from
any phone anywhere in
the world

Think of the time you’ve spent just waiting for
someone who's promised to call. And what
value do you place on your privacy . .. on work-
ing without interruption?

Because your Call Jotter has a monitoring
system that lets you listen without answering,
you can go back to what you were doing the
instant you know it's a nuisance call or for
someone who's out of the house. Naturally, you
can take any call that's important.

Two For The Price of One

For additional value, Call Jotter works with a
single cassette, like a pocket recorder or dictat-
ing machine, so you'll use it to listen to your
favorite tapes and for recording your own
tapes, for dictating letters and memos to be
transcribed at the office.

Save $130.00!

You'll use your Call Jotter, then, when you're
away—whether it's running to the corner store
or spending a month in Europe.

Still—we agree, you probably wouldn’t want
to spend $299.95 for something that isn’t busi-
ness related. With Call Jotter, though, you save
$130.00! And that's a different story.

At $169.95 (plus $4.35 shipping and han-
dling) Call Jotter's the lowest priced remote
telephone answering machine you can get.
(Without the remote, it's even less, only $99.95
plus $4.35 shipping and handling.)

Now, we invite you to discover the conve-
nience and freedom it brings—especially if
you're an active family—without risking one
cent.
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You can order either model with any national
credit card simply by calling the toll free number
below at any time. If you prefer, send your
check to Douglas Dunhill at the address below.
(lNinois residents are required to add the sales

tax.)
Call 800-621-5554

lllinois Residents Call 800-972-5858
In operation 24 hours, 7 days a week

Remember, the low, down-to-earth price in-
cludes the Tele-Key remote control and the two
FREE tapes plus the FREE adapter that fits
your telephone jack. (If you don’'t have a phone
on a jack, the telephone company will install
one for a modest, one time charge when your
system arrives.)

You Must Be Satisfied

Use your Call Jotter for 30 days. If you're not
completely satisfied return it to us for a com-
plete refund, no questions asked. Simply use
the carton it comes in and follow the simple
procedure in the directions we send you.

If this test is successful, the manufacturer will
go into full production and you'll be seeing the
unit in stores everywhere in six to nine months.
You'll have played a part in this success—for
which we thank you. Meanwhile, we'll be filling
orders while we can from the supply on hand.

¢ Approved for connection in accordance with tele-
phone company filed F.C.C. regulations

¢ Uses standard 60-minute cassettes

¢ Plugs into any phone on a jack with adapter
supplied free

e Dynamic microphone, full fidelity speaker, push-
button tape controls, call light, recorder-player
operates on standard A.C. current

» Tele-Key complete with 9V battery for remote con-
trol from any phone anywhere in the world (2" x 3”
x1"—40z.)

o Hi-fi styling. Black and walnut color. Just 92" x
10%2" x 2%"

The convenience and freedom you want. .. At
the price you've been waiting for.

Louglas Dunbil!

FFORDABLE QUALITY

Dept. 50-2578
Ten Douglas Dunhill Drive, Oak Forest, IL 60452
© Douglas Dunhill Inc. 1979



Imagination, instinct, and
versatility (not size alone)
set Merrill Lynch apart
Jfrom the herd.

Too many people see only
the size of Merrill Lynch; they
miss the subtler qualities that truly
make us a breed apart.

Imagination. Our investment

bankers came up with a creative
way to raise $75 million for an oil
exploration company.

Traditional ways of raising
the capital would have overly di-
luted earnings or impaired finan-
cial flexibility. So we suggested,
developed and placed a public
offering of convertible preferred
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What it

stock—all within 40 days.
Instinct. One of our cor-
porate clients wanted to buy back
200,000 shares of its own stock—
in a week. Getting the best price
was a question of market timing
...of knowing when to walk out of
the market, when to watch and
wait, when to move in and buy




aggressively. That’s instinct.

And because of it, we were
able to buy back the whole 200,000
shares within %2 point of the
starting price.

Versatility. We can also help
you reach your personal financial
goals, despite changing markets
and tough tax laws.

In 1953, a man walked into
our St. Louis office and bought
$487 worth of stock.

Over the years, he moved up
in his company; as his assets

Executive kept pace—
with equities, commodities,

grew and his needs changed,
his Merrill Lynch Account gg
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o A

means to be abreed apart.

real estate partnerships. Now he’s
buying tax shelters in $10,000 lots.

How can Merrill Lynch’s
unmatched resources benefit you?
Ask us. Find out what it means to
deal with a breed apart.

Merrill Lynch

Abreed apart.




NEW YORK CITY AND SEDONA, ARIZONA HAVE
ONE IMPORTANT THING IN COMMON.

THE LATEST BELL SYSTEM TECHNOLOGY.
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One example of Bell System technology working
for you is electronic switching.

Bell designed an electronic switching system espe-
cially for small towns. So the people in Sedona get
the same sophisticated phone service as people in big
cities like New York.

Electronic switching handles your calls more
efficiently than other systems. And it makes your
telephone a more versatile, useful instrument. For $
example, if you're already talking, the phone beeps at | 3
you to let you know there’s another call waiting. -

Or you can set your home phone so that your

incoming calls “follow” you around town.
— 1;311 System If you want to talk to two people at once, three-
man in charge of Sedona’s way calling lets you do just that. And, to reach the
electronic switching system.

people you call frequently, you can program your

phone so that you just push two numbers to make

h 1l With electronic switching,
the call. your calls can follow you
Electronic switching. Bell Labs designed it. wherever you go.

Western Electric custom-builds it.
For big cities and small towns alike.

@ Bell System

Keeping your communications system the best in the world.
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50 AND 100
YEARS AGO

SCIENTIFIC AMERICAN]

AUGUST, 1929: “Many have sin-
cerely been misled into the belief that
there is a broad cleavage between scien-
tists who accept evolution and those
who do not. To them our readers may
find it advantageous to show the follow-
ing statement quoted in part: ‘The Coun-
cil of the American Association for the
Advancement of Science has affirmed
that so far as the scientific evidences of
the evolution and plants and animals
and man are concerned there is no
ground whatever for the assertion that
these evidences constitute a “mere
guess.” No scientific generalization is
more strongly supported by thoroughly
tested evidences than is that of organic
evolution. The Council of the Associa-
tion is convinced that any legislation at-
tempting to limit the teaching of any sci-
entific doctrine so well established and
so widely accepted by specialists as is
the doctrine of evolution would be a
profound mistake, which could not fail
to injure and retard the advancement of
knowledge and of human welfare by de-
nying the freedom of teaching and in-
quiry that is essential to all progress.””

“The radial air-cooled aircraft engine
possesses many advantages over the wa-
ter-cooled engine in that it is lighter and
avoids the complication of a radiator
and piping. It is not so advantageous
from the point of view of vision, and it
introduces quite a large amount of air
resistance, or drag. The National Advis-
ory Committee for Aeronautics has re-
cently conducted exhaustive research
into the problem, measuring the drag in
the wind tunnel with various forms of
cowling. With a cowling developed by
the N.A.C.A. 60 per cent of the drag due
to the engine disappears. The great ad-
vantage of this type of cowling, which
covers the entire engine, is that it sepa-
rates the cooling air from the general
flow about the body. With this cowling a
cabin airplane equipped with a 200-
horsepower engine will have its speed
increased from 125 miles per hour to
about 133 miles per hour.”

“Professor Raymond A. Dart in 1925
startled the world with his announce-
ment of the discovery of the skull of a
small man-like ape that he called Aus-
tralopithecus. The skull was found fossil-
ized in a limestone cave at Taungs, near
the western border of the Transvaal.
Dart, with the intuition of genius, boldly
made Australopithecus the type of a new
family intermediate between the higher

apes and man. It was perhaps a little
daring on the evidence, and most of his
critics have considered that in this he
was wrong. William J. Sollas of Oxford
University has shown that the skull dif-
fers greatly from that of the chimpan-
zee and concludes that ‘Australopithecus
makes a nearer approach to the Homini-
dae than any existing anthropoid ape.’
Robert Broom, late professor of geolo-
gy and zoology at Victoria College in
Stellenbosch, South Africa, states that
‘Australopithecus is a small human-like
ape that no one need be ashamed of hav-
ing as a forefather.””

AUGUST, 1879: “The mouth of the
Mississippi is now permanently open,
and the currents of the river are so con-
trolled that the mighty stream will
henceforth be the chief factor in keeping
its channel clear of the barriers it natu-
rally tended to build up against the com-
merce of the world. When the Mississip-
pi valley harbors, as it soon will, a more
numerous population than the whole
country can boast of now; when its
farms and factories are doing, as they
soon will, half of the productive work of
the world—then it will be possible to
form some adequate idea of the indus-
trial and commercial benefit to flow
from the unbarring of the outlet of what
cannot fail to be the great artery of our
national and international trade. It is a
grand victory, and Captain James B.
Eads, its engineer, may be sure that pop-
ular appreciation of its grandeur will
grow with the growth of the commerce
it makes possible.”

“At this time public attention is forc-
ibly drawn to the plague that prevails at
Memphis and Havana, and threatens
every commercial city of the country.
Dr. Alfred Stillé traces the origin of yel-
low fever to the West Indies. There it
was first discovered, and from West In-
dian ports it has in all instances spread.
A high temperature is essential to its
propagation; salt water and unsanitary
conditions favor it, but the morbid poi-
son must be imported in ships and in
porous substances capable of absorbing
and retaining the contagious effluvia. A
strict quarantine is always efficient in
preventing the dissemination of the dis-
ease. Its essential cause has never been
isolated or defined, but it is assumed to
be a specific poison, distinct from all
other fever poisons. In the system it acts
primarily in two ways, by disintegrating
the blood and by inflaming the stomach;
secondarily, it tends to impair the elimi-
nating function of the kidneys.”

“It is now 77 years since Brahmah
proposed to transmit power to great dis-
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tances by means of water under pres-
sure, and it is half a century since Mann
proposed and described the means for
transmitting power over still greater dis-
tances by means of compressed air, but
it cannot be said that either of these
means of transmission has been em-
ployed to the extent their proposers ex-
pected they would be. It may be that
electricity will come to the aid of the
transmission of power. It seems that at a
distance of about a mile the work realiz-
able by electro-dynamic machinery is
from 40 to 50 per cent of that done upon
the dynamo-electric machine, which
would presumably be situated at a wa-
terfall. The electrical apparatus offers
the great advantage of facility of trans-
ference, and the cable from the falls
once laid or carried upon posts might
remain in good order and without need
of attention for years. There are cases
where the electrical transmission of
power might be found to be economical
even when the electricity had to be gen-
erated by steam power.”

“It was only last July that the first tel-
ephone was put up in Chicago. The
American District Telegraph Company
now has over 1,500 patrons—that is to
say, it has put up that number of tele-
phones with the corresponding number
of wires. The carbon telephone con-
structed by Edison is used. The compa-
ny has a central office and nine branch
offices, which take in nearly every por-
tion of the city.”

“Several months ago a new spectro-
scope, containing compound sulphide
of carbon prisms, was constructed by M.
Thollon, wherewith he effected a very
much greater dispersion of light than
had been attained previously. With its
aid he has produced a remarkable map
of the solar spectrum. The work was
done in Italy, as the Italian climate of-
fers great advantages in this respect over
that of Paris. Prince Nicholas of Olden-
burg, who has taken a lively interest in
the subject, provided M. Thollon with a
small observatory at San Remo for his
operations. The map is no less than 10
meters in length and is composed of
about 4,000 lines. The well-known map
of Angstrém contained 1,600 lines in a
length of three meters.”

“The well-known German professors
Gustav Fechner and Wilhelm Weber
have added their testimony to that of
Johann Zollner in favor of the ‘spiritual-
istic’ mediumship of Slade. In remark-
ing upon Zollner’s curious method of
accounting for the phenomena by sup-
posing an unknown fourth dimension
of space, Professor Gaston Tissandier
thinks it strange that men who occupy
some of the most important chairs of
the German universities should be so
easily deceived.”
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THE AUTHORS

RAYMOND DEVORET (“Bacterial
Tests for Potential Carcinogens”) is on
the research staff of the Enzymology
Laboratory at the Centre National de
la Recherche Scientifique (C.N.R.S.) at
Gif-sur-Yvette in France. He obtained
his medical degree at the University of
Paris Medical School and then worked
part-time as a physician specializing in
occupational radiation hazards. At the
same time he took a degree in physics
from the University of Paris and studied
the effects of alpha rays on the bacteri-
um Escherichia coli at the Radium Insti-
tute. In 1961 he was appointed to a full-
time position in the C.N.R.S. Since then
Devoret’s research has been devoted to
elucidating the mechanism of induction
of dormant viruses in bacteria and the
mechanism of chemical carcinogenesis.

HAROLD P. FURTH (“Progress
toward a Tokamak Fusion Reactor”)
is professor of astrophysical sciences at
Princeton University and associate di-
rector of the Princeton Plasma Physics
Laboratory. He did graduate work in
solid-state and high-energy physics at
Harvard University, receiving his Ph.D.
in 1960. He then joined the controlled-
fusion research effort at the Lawrence
Livermore Laboratory, becoming head
of a group studying the toroidal mag-
netic-confinement approach to a fusion
reactor. In 1967 he moved to Princeton,
where he has initiated a number of ma-
jor toroidal confinement experiments
and done extensive research on the
theory of plasma instabilities. His best-
known publication is a poem in The New
Yorker that describes an encounter be-
tween matter and antimatter, exempli-
fied by the meeting of Dr. Edward Tel-
ler and Dr. Edward Anti-Teller. Furth
would like to acknowledge the assis-
tance of Robert Goldston in the prepa-
ration of his article.

ANDREW M. T. MOORE (“A Pre-
Neolithic Farmers’ Village on the Eu-
phrates”) is Wainwright Fellow in Near
Eastern Archaeology at the University
of Oxford. He studied modern history at
Oxford as an undergraduate and then
was trained in archaeology at the Insti-
tute of Archaeology of the University of
London. In 1969 he was given a scholar-
ship at the British School of Archaeolo-
gy in Jerusalem, and for the next two
years he lived in the Near East studying
museum collections and visiting ancient
sites. In 1973 he was awarded a Wain-
wright fellowship at Oxford; he ob-
tained his Ph.D. last year. Moore has
done extensive field work in the Near
East: he took part in excavations at Jeru-
salem directed by the late Dame Kath-
leen Kenyon in 1966 and those at Knos-
sos in Crete directed by J. D. Evans in
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1969. From 1972 to 1973 Moore was in
charge of the major excavation at Tell
Abu Hureyra in Syria that is described
in his article. This fall Moore will be a
visiting professor in Old World prehis-
tory at the University of Arizona.

THOMAS F. GOREAU, NORA L
GOREAU and THOMAS J. GOREAU
(“Corals and Coral Reefs”) have done
pioneering research in coral-reef biolo-
gy and ecology in Jamaica. Thomas F.
Goreau died in 1970. The son of the
photographers Fritzand Grete Goro, he
was born in Germany, which his parents
left in the early 1930’s for France and
soon thereafter the U.S. After his gradu-
ation from Clark University he did
graduate work in ecology at Yale Uni-
versity under G. Evelyn Hutchinson.
Goreau first became interested in coral-
reef ecology while serving in the 1947
Bikini Scientific Resurvey, although the
first opportunity to pursue this line of
research did not arise until 1951, when
he moved to Jamaica to join the faculty
of physiology in the medical school of
the University of the West Indies. On
receiving his Ph.D. in 1956 he instituted,
under the auspices of the New York Zo-
ological Society, a long-term research
project on Jamaican coral reefs that
continued until 1967. In March, 1970,
shortly before his death, he opened a
new marine laboratory at Discovery
Bay on the northern coast of Jamaica.
Goreau’s widow, Nora Goreau, is cur-
rently senior research fellow in marine
biology at the University of the West
Indies. Born in Panama, she was educat-
ed at the University of Panama Law
School, the University of lowa and De-
Paul University. She then did graduate
work in neurophysiology at the Univer-
sity of Chicago. Thomas J. Goreau,
their eldest son, is a Ph.D. candidate in
geology at Harvard University. He did
his undergraduate work in physics and
astronomy at the Massachusetts Insti-
tute of Technology and obtained his
master’s degree at the California Insti-
tute of Technology in 1972. He then
studied biology and oceanography at
Yale, the Woods Hole Oceanographic
Institution and Harvard.

WILLIAM HERBST and GEORGE
E. ASSOUSA (“Supernovas and Star
Formation”) have collaborated on stud-
ies of star formation with optical and
radio telescopes. Herbst is assistant pro-
fessor of astronomy at Wesleyan Uni-
versity. He did his undergraduate work
in astrophysics at Princeton University
and received his Ph.D. in astronomy
from the University of Toronto in 1974,
After a postdoctoral fellowship at York
University he was a fellow for two years
of the Carnegie Institution of Washing-
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ton. Herbst joined the Wesleyan faculty
in 1978. Assousa is research professor
of astrophysics in the Department of
Terrestrial Magnetism of the Carnegie
Institution. A Palestinian Arab, he was
born in Jerusalem in 1936 and attended
the American Friends School at Ramal-
lah in Jordan. He then came to the U.S.
to finish his education, obtaining his
bachelor’s degree at Earlham College,
his master’s degree at Columbia Univer-
sity and his Ph.D. in experimental nucle-
ar physics from Florida State Universi-
ty in 1968. That year he was appointed
a Carnegie fellow; two years later he
joined the staff of the Carnegie Insti-
tution. Assousa directs the Foundation
for Arab-Israeli Reconciliation (FAIR),
which seeks to improve communication
and cooperation between Arab and Is-
raeli professionals and scholars.

MARTIN E. HELLMAN (“The
Mathematics of Public-Key Cryptogra-
phy”) is associate professor of electrical
engineering at Stanford University. He
received his B.E. at New York Universi-
ty and his Ph.D. from Stanford in 1969.
After teaching for two years at the Mas-
sachusetts Institute of Technology he
joined the Stanford faculty. He is best
known for his invention of public-key
cryptography in collaboration with his
students Whitfield Diffie and Ralph
Merkle; he has also done research on
information theory, error-control cod-
ing and statistics. Hellman wishes to ac-
knowledge the National Science Foun-
dation’s support of his work.

KENNETH G. WILSON (“Problems
in Physics with Many Scales of Length’)
is James A. Weeks professor of physical
science at Cornell University. He ob-
tained his bachelor’s degree at Harvard
University and his Ph.D. from the Cali-
fornia Institute of Technology in 1961.
The renormalization-group theory, his
principal contribution to physics, result-
ed from his attempt to understand quan-
tum field theory. He is currently apply-
ing improved computer technology to
extend the capabilities of the renormali-
zation-group approach. His pastimes in-
clude international folk dancing and de-
tective stories. Wilson also has to his
credit a 4:17 mile.

DAVID CREWS (“The Hormonal
Control of Behavior in a Lizard”) is as-
sociate professor of biology and psy-
chology at Harvard University and an
associate of the Museum of Compara-
tive Zoology. He did his undergraduate
work at the University of Maryland and
received his Ph.D. in animal behavior
from Rutgers University. He then did
postdoctoral research at the University
of California at Berkeley and at Har-
vard, where he was appointed to the fac-
ulty in 1976. Crews’s interest in reptiles
and their behavior goes back to his
childhood in Florida.



How to project a beautiful image.

To make the most of your slides, nothing does it like
a Kodak Carousel projector. For bright, crisp. colorful images
on the screen. With eleven models to choose from, you can get
just what you want in the way of convenience. And in the way of price.

All Kodak Carousel projectors use dependable gravity to drop
each slide in place. All feature a superb, f/2.8, curved-
field lens for bright, sharp viewing. All are whisper-quiet.

Attention, international travelers. Kodak now offers an automatic
multi-voltage Carousel projector for use in most parts of the world.

Kodak Carousel projectors

The dependable ones. ©Eastman Kodak Company, 1979
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MATHEMATICAL
GAMES

The imaginableness of

the imaginary numbers

by Martin Gardner

“The imaginary numbers are a won-
derful flight of God’s Spirit; they are al-
most an amphibian between being and
not being.”

—LEIBNIZ

n a column on negative numbers in
I June, 1977, I described how long it
took and how painful it was for
mathematicians to extend the definition
of “number” to include negative num-
bers. The same process was repeated
with even more anguish when mathema-
ticians discovered the enormous useful-
ness of what unfortunately were named

imaginary numbers. It is a strange and
beautiful story.

Although there were a few early pro-
nouncements that negative quantities
cannot have square roots (because the
square of any real number must be posi-
tive), the story of imaginary numbers
really begins in 16th-century Europe. At
that time mathematicians, in particular
Rafaello Bombelli of Italy, found that in
solving algebraic problems it was often
useful to assume that negative numbers
did have square roots. In other words,
just as the equation x + 1 = 0 could be
solved only by setting x equal to —1, so
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Correspondence of complex numbers with points on the complex plane
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x2 + 1 =0 could be solved only by set-
ting x equal to v/ —1.

The seemingly preposterous assump-
tion that there was a square root of — 1
was justified on pragmatic grounds: it
simplified certain calculations and so
could be used as long as “real” values
were obtained at the end. The parallel
with the rules for using negative num-
bers is striking. If you are trying to deter-
mine how many cows there are in a field
(that is, if you are working in the domain
of positive integers), you may find nega-
tive numbers useful in the calculation,
but of course the final answer must be in
terms of positive numbers because there
is no such thing as a negative cow.

Throughout the 17th and 18th centu-
ries mathematicians everywhere Kkept
discovering new uses for the square
roots of negative numbers. It was Leon-
hard Euler who in the 18th century in-
troduced the symbol i (the first letter of
the Latin word imaginarius) for v —1. A
much-quoted statement attributed to
Euler asserts that such roots are not
nothing or more than nothing or less
than nothing but strictly imaginary or
impossible. Mathematicians eventually
worked out the algebraic rules for ma-
nipulating the “pure imaginaries” (the
products of i and real numbers) and
what later came to be called complex
numbers (the sums of pure imaginaries
and real numbers).

A complex number has the form
a + bi, where a and b can be any real
numbers. (In this instance the plus sign is
not meant to indicate addition in the fa-
miliar sense; it serves mainly to separate
the real part a of the complex number
from its imaginary part bi) In other
words, if a equals 0 and b does not equal
0, the complex number is a pure imagi-
nary bi. If b equals O, then b/ drops out,
leaving the real number a. Therefore the
complex numbers include as subsets all
the reals and all the pure imaginaries,
just as the real numbers include all the
integers, fractions and irrationals. In
modern terminology the complex num-
bers form the mathematical structure
called a field, whose elements obey all
the familiar laws of arithmetic. The
complex-number field is also closed
with respect to addition, subtraction,
multiplication and division, that is, ap-
plying those operations to any two com-
plex numbers will always generate an-
other number in the field. There is a
sense in which the discovery of the com-
plex field completes traditional algebra
because it makes possible the solution of
any ordinary algebraic equation what-
soever. The field also turned out to be
closed with respect to the operations
employed in the calculus, and that dis-
covery gave rise to a vast edifice of
mathematics concerning the functions
of a complex variable.

Many of the advances of modern
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physics could not have been made with-
out the extension of algebra to the
complex field. The first major scientific
use of complex numbers was made by
Charles Proteus Steinmetz, who found
them essential for doing efficient calcu-
lations on alternating currents. Today
no electrical engineer could get along
without them, and neither could any
physicist working on the area of air or
fluid dynamics. The numbers also play
a basic role in relativity theory (where
space-time is made symmetrical by the
stratagem of regarding the three spatial
dimensions as real and the time dimen-
sion as imaginary), in quantum mechan-
ics and in many other branches of mod-
ern physics.

Because there are still misgivings
about calling i a number it is not uncom-
mon even today for a physicist, a philos-
opher or even a mathematician to main-
tain that i is not really a number but is
only a symbol for an operation I shall
explain below. No one has disposed of
this verbal quibble more effectively than
Alfred North Whitehead. In the chapter
on imaginary numbers in his Introduc-
tion to Mathematics he wrote:

“At this point it may be useful to ob-
serve that a certain type of intellect is
always worrying itself and others by dis-
cussion as to the applicability of techni-
cal terms. Are the incommensurable
numbers properly called numbers? Are
the positive and negative numbers really
numbers? Are the imaginary numbers
imaginary, and are they numbers?—are
types of such futile questions. Now, it
cannot be too clearly understood that, in
science, technical terms are names arbi-
trarily assigned, like Christian names to
children. There can be no question of
the names being right or wrong. They
may be judicious or injudicious; for they
can sometimes be so arranged as to be
easy to remember, or so as to suggest
relevant and important ideas. But the
essential principle involved was quite
clearly enunciated in Wonderland to Al-
ice by Humpty Dumpty, when he told
her, apropos of his use of words, 1 pay
them extra and make them mean what I
like.” So we will not bother as to whether
imaginary numbers are imaginary, or as
to whether they are numbers, but will
take the phrase as the arbitrary name of
a certain mathematical idea, which we
will now endeavour to make plain.”

Complex numbers behave so much
like ordinary numbers when they are
added, subtracted, multiplied and divid-
ed (according to the rules of the com-
plex field) that most mathematicians no
longer hesitate to call them numbers
and regard them as having just as much
“reality” as negative numbers. Even the
counting numbers are no more than
symbols manipulated according to the
rules of a deductive system. We think of
them as being more “real” than other

How pi is multiplied by i, i2, i° and it

numbers only because their applications
are so close to our practical experience
of counting fingers, cows, people and so
on. What we forget is that only the
fingers, cows and people are real, not
the symbols to which we turn to count
them. In the realm of pure mathematics
i is just as real as 2. If we like, we can
think of 2 as nothing more than an oper-
ator: a symbol that tells us to double 1.

Most people are so accustomed to
working with real numbers, however,
that they feel great relief when they dis-
cover there is a simple geometrical in-
terpretation of complex numbers. This
interpretation, which makes it easy to
“see” what the numbers are all about,
identifies every complex number with a
point on the Cartesian plane. The first
person to make this ingenious connec-
tion was Caspar Wessel, a self-taught
Norwegian surveyor who lectured on it
in 1797. A few years later the idea was
rediscovered by Jean-Robert Argand, a
Swiss bookkeeper (who published a
small book about it in 1806), and inde-
pendently by the great German mathe-
matician Carl Friedrich Gauss.

As is shown in the illustration on page
18, the basic idea is to view the horizon-
tal axis of the Cartesian plane as the
real-number line and the vertical axis
as the line of points that correspond to
the pure imaginary numbers. In other
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words, one-to-one correspondences are
established between the real numbers
and the points on the x axis and between
the pure imaginary numbers and the
points on the y axis. As I have pointed
out, both of these sets can be considered
subsets of complex numbers, and now
the remaining complex numbers can be
put in one-to-one correspondence with
the remaining points on the plane. To
obtain the coordinates of the point asso-
ciated with a complex number one sim-
ply measures the real part on the real
axis and the imaginary part on the imag-
inary axis. The points corresponding to
four complex numbers are shown in the
illustration.

With this interpretation of the com-
plex numbers it is possible to forget en-
tirely the disturbing notion that i is the
square root of — 1 (which of course it is
not in the usual sense of taking a square
root). Now a complex number can be
viewed simply as an ordered pair of real
numbers: the first number measured on
the real axis and the second on the imag-
inary axis. In other words, by properly
defining the arithmetic operations for
combining these pairs, it is possible to
construct an algebra of ordered pairs
of real numbers that is equivalent to
the algebra of complex numbers. That
opaque phrase “the squarerootof a neg-
ative number” is nowhere encountered
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in this new algebra, although the same
idea is of course present in a different
language and in different notation. If
this algebra of ordered pairs had been
developed before complex numbers, to-
day perhaps no one would remember
imaginary numbers and wonder wheth-
er or not they exist.

After the discovery of this geomet-
rical interpretation of complex num-
bers mathematicians immediately asked
whether the basic concept could be gen-
eralized to three dimensions, that is, to
points in space. The answer, alas, is
no—not without a radical modification
of the laws of arithmetic. It was the Irish
mathematician William Rowan Hamil-
ton who made the first breakthrough
into “hypercomplex numbers” when he
invented quaternions: four-part num-
bers that combine a real number with
three imaginaries. The key to manipu-
lating them is the fact that they do not
obey the commutative law for multipli-
cation: the rule stating that for any two
numbers a and b, ab equals ba.

The idea of dropping this law came to
Hamilton in 1843 as he was strolling
with his wife at dusk along the Royal
Canal in Dublin. He was so elated that
he stopped to scratch the basic formula
on a stone of Brougham (pronounced
“broom”) Bridge. The original graffito
weathered away in Hamilton’s time, and
now the bridge is known only as the one
that crosses Broombridge Street. There
is a tablet in the stone commemorating
the great event, however, and in 1943, a

(-2 3a|.\

century after Hamilton’s revelation, Ire-
land honored it with a postage stamp.
Quaternions do not form a field (their
structure is called a division ring), but
the algebra of quaternions is equivalent
to an algebra of ordered quadruplets
and is often applied today as a part
of three-dimensional vector theory. The
discovery of the algebra of quaternions
marked the beginning of modern ab-
stract algebra, in which all Kkinds of
“numbers” much stranger than the com-
plex numbers can be defined.

Because of the correspondence be-
tween complex numbers and points on
the Cartesian plane, when the plane is
used in this way, it is called the complex
plane. (It is also called the z plane for the
unspecified complex number z equals
a + bi and sometimes an Argand dia-
gram because for many decades no one
knew about Wessel’s earlier discovery.)
I shall not go into the details here of
how complex numbers can be added,
subtracted, multiplied and divided by
geometrical diagrams on the complex
plane. Readers who do not already know
the rules governing these operations can
find them in any elementary algebra
textbook that covers complex numbers.
A brief explanation of multiplication
by i, however, is necessary to introduce
an elegant theorem about the roots of
numbers.

To multiply a number on the complex
plane by i one takes the radius-vector
line to the point corresponding to the
number (the line from the origin of the

3/,

(-3 -2i)

-3i @

W
L.).

Multiplying the complex number 3 + 2i by i, i2, i3 and i*
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plane to the point) and rotates it 90
degrees counterclockwise; the new end
point of the vector corresponds to the
product of the number and 7. It isin such
a sense that / can be viewed as an opera-
tor. To understand this idea consider
what happens when i is raised to various
powers: 7 raised to the first power of
course equals 7, and it is easy to see that
i2equals —1, i3 equals —7 and /4 equals
1. This four-step cycle repeats endlessly:
5 equals 7, /8 equals — 1, i7 equals —i, /8
equals 1 and so on. All even powers of i
equal 1 or —1 and all odd powers equal
ior —i.

The illustration on the preceding page
shows how these observations apply to
the multiplication of a number (in this
case pi, or 7) by i. The point correspond-
ing to 7 on the positive side of the x axis
is located and moved 90 degrees coun-
terclockwise around the circle of radius
7 centered at the origin of the plane. An
arrow shows how the end point of this
operation is the pure imaginary, i,
which lies on the upper part of the y axis.
Multiplying = by 2, then, is equivalent
to multiplying it twice* by i: the point
corresponding to 7 is moved 180 de-
grees around the circle and ends up at
the point —# on the x axis, or real-num-
ber line. Similarly, multiplying 7 by i3
effects a turn of 270 degrees, ending at
the point — i on the lower part of the y
axis; multiplying 7 by i4 is the same as
multiplying 7 by 1, and so we are back
to . We can continue in the same way
with all the higher powers of i. Each
next-highest power takes us another
quarter turn counterclockwise around
the circle.

The inverse operation of multiplica-
tion by i/ is division by i: moving clock-
wise 90 degrees around the center origin
of the plane. In other words, for any
complex number draw a radius-vector
line from the origin to the point that
represents the number. Then to multiply
the number by i rotate the vector 90
degrees counterclockwise [see illustra-
tion at leff], and to divide it by i rotate
the vector 90 degrees the other way.
(As a joke a friend of mine once sug-
gested that / times infinity equals 8 be-
cause multiplying by i turns the infinity
sign upright.)

With this interpretation of multiplica-
tion it turns out that if complex roots are
counted, every nonzero number (real or
complex) has exactly » nth roots. In oth-
er words, every number has two square
roots, three cube roots, four fourth
roots, five fifth roots and so on. It fol-
lows that every cubic equation has three
solutions, every fourth-degree equation
has four solutions and so on, and when
we diagram the roots of individual num-
bers on the complex plane, an unexpect-
ed and delightful property is revealed.
The n points corresponding to the nth
roots all lie, separated by equal dis-
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G-73, developed by B.E.L. Labora-
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Road Superiority.

The 10-year researched GUL
has been tested numerous times
against such units as the Fuzzbuster
XK, the Whistler XK and the XK
Snooper. In separate tests conducted
by the Canadian Tire Corporation
and Motor Consumer Report, the
GUL demonstrated a detection dis-
tance significantly greater on both X
and K bands, than all three competi-
tors. Its nondirectional elliptical horn
antenna receives these signals from
front, back, and sides, and is even
sensitive enough to detect the new
short pulse KR-11 radar. Signals of
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The GUL takes full advantage of
modern integrated circuit tech-
nology to provide a capability of
more than 100 transistors. Many
competitive units try to get by with
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as few as 20 transistors and they just
don't work as well. GUL's sophisti-
cated circuitry is completely
shielded by a diecast and extruded
aluminum case. This not only
provides a better wearing case than
the often used plastic ones, but also
protects the input terminals from
stray signals, the most common
cause of false alarms. In addition,
the GUL uses an internal voltage
regulator, commutating filter, and

© 1979 SCIENTIFIC AMERICAN, INC

synchronous detector to reduce
power consumption to a minimum
and provide a more stable gain
setting—features usually found only
in units costing twice as much.

Two Warnings You Can’t Miss.

The GUL uses a double warning
system. Both a tone and light come
on in the presence of radar. And
both remain on until radar is gone.
You're never lulled into a false sense
of security by a tone that sounds
once and then goes off. And you
can control the tone with a front-
mounted on/off switch.

Quick Installation.

The GUL detector is one of the
most compact units available, meas-
uring only 4 “x3“x4% ", and weigh-
ing just 20 oz. Its aluminum case is
finished in glare-free matte black
and comes with its bracket in place.
To mount, simply take the adhesive
Velcro pad, peel off the back, and
adhere it to the top of your dash-
board. The bottom of the bracket
has a matching Velcro foot which
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the dash. It plugs into your cigarette
lighter. That's all there is to it. The
same Velcro mounting also allows
for easy removal in seconds to
prevent theft. The small size GUL
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Order the new GUL detector
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The Sharper Image two-week return
privilege and a manufacturer’s
120-day warranty.
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tances, on a circle whose origin is at the
center of the plane. In other words, the
points mark the corners of a regular -
sided polygon. For example, the illustra-
tion below shows the locations of the
six sixth roots of 729. If, as in this in-
stance, the number is real and has an
even number of roots, two corners of the
polygon will lie on the real axis. If the
number is real and has an odd number
of roots, only one corner of the polygon
will lie on the real axis.

Besides being essential in modern
physics, the complex-number field pro-
vides pure mathematics with a multi-
tude of brain-boggling theorems. It is
worth keeping in mind that complex
numbers, although they include the
reals as a subset, differ from real num-
bers in startling ways. One cannot, for
example, speak of a complex number as
being either positive or negative: those
properties apply only to the reals and
the pure imaginaries. It is equally mean-
ingless to say that one complex number
is larger or smaller than another.

It had been known before Euler that
the product of any two pure imaginaries
is a real number, but it was Euler who
firstshowed that /i isalsoreal. It is equal
to e-7/2 an irrational number with the
decimal expansion of .2078795763....
Actually this number is only one of an
infinity of values, all real, of i?. They are
given by the formula e-7/2* 27 where k
is any integer, so that when k equals 0,

the principal value given above is ob-
tained. The ith root of i is also a real
number, the principal value of which is
e™/2 or 4.8104773809....

There are many other formulas in
which i is related to the two best-known
transcendental irrationals, e (the natural
basis of logarithms) and 7. The most
famous formula, developed by Euler
but based on an earlier discovery, is
eim + 1 = 0, which Edward Kasner and
James Newman call in their book Matrh-
ematics and the Imagination ‘‘elegant,
concise and full of meaning.” They also
quote a remark by Benjamin Peirce, the
Harvard mathematician who was the fa-
ther of Charles Sanders Peirce, about
the formula: “Gentlemen,” he said, after
writing the formula on a blackboard,
“that is surely true, [but] it is absolutely
paradoxical; we cannot understand it,
and we don’t know what it means, but
we have proved it, and thereforc we
know it must be truth.”

Well, the formula is not quite without
meaning. Rewritten as ei” = — 1, it can
be diagrammed on the z plane as the
limit of the infinite sequence: 1 + 7i +
(mi)2/2! + (wi)3/3! + (mwi)4/4!. ... (The
exclamation point is the factorial sign:
n! equals 1X2X3X ... Xn) The
terms of this sequence are diagrammed
as an infinite set of points on a coun-
terclockwise spiral of straight lines that
strangles the — 1 point on the real axis.

George Gamow, seeking to dispel the

2i

.

(—1%2 = \ 6%i)

3i

The six sixth roots of 729
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mystery of complex numbers, once de-
vised this puzzle. An old parchment, de-
scribing the location of buried pirate
treasure on a desert island, gave the fol-
lowing instructions. On the island there
are only two trees, 4 and B, and the
remains of a gallows. Start at the gal-
lows and count the steps required to
walk in a'straight line to tree 4. At the
tree turn 90 degrees to the left and then
walk forward the same number of steps.
At the point where you stop drive a
spike into the ground. Now return to the
gallows and walk in a straight line,
counting your steps, to tree B. When you
reach the tree, turn 90 degrees to the
right and take the same number of steps
forward, placing another spike at the
point where you stop. Dig at the point
exactly halfway between the spikes and
you will find the treasure.

A’ young adventurer who found the
parchment with these instructions char-
tered a ship and sailed to the island. He
had no difficulty finding the two trees,
but to his dismay the gallows was gone
and time had abolished all traces of
where it had stood. Not knowing the lo-
cation of the gallows, he could see no
way of finding the treasure and so re-
turned empty-handed. Gamow points
out that if the young man had been fa-
miliar with the technique of manipulat-
ing numbers on the complex plane, he
could have found the treasure with ease.
Readers who know the basic rules for
diagramming complex numbers should
be able to solve this problem. I shall give
the solution next month.

he first problem last month was to

find the smallest positive integer that
can be expressed as the sum of two
squares in two different ways. The num-
ber is 50, which equals 52+ 52 or
12 + 72 If zero squares are allowed,
however, the number is 25, which equals
52+ 02 or 32 + 42, If the two squares
must be nonzero and different, the so-
lution is 65, which equals 82+ 12 or
72 + 42,

The second problem was to determine
whether or not MU is a theorem in the
M, I and U formal system. A simple
proof of why MU is not a theorem
can be found on pages 260 and 261 of
the book I reviewed last month: Gadel,
Escher, Bach: an Erternal Golden Braid,
by Douglas R. Hofstadter.

any readers generalized the rotat-

ing-table problem given in Febru-
ary. Lyle Ramshaw, Richard A. Lither-
land and the team of Stephen Willard
and Ted Lewis were the first to show
that given a table with » wells and a
player with & hands, the bell can be
rung in a finite number of steps if and
only if k is equal to or greater than
n(p — 1)/p, where p is the largest prime
factor of n. Finding a nonrecursive for-
mula for the minimum number of steps
required remains unsolved.



How much energy can the nation
afford to put off limits?

One third of all land in the United
States, and most of the undersea con-
tinental shelf, is owned by the federal
government.

Millions of acres of this land, in-
cluding vast areas that have great
potential for energy development,
have been placed off limits by the
government for environmental
reasons.

It is ironic that, at a time when our
country is dangerously dependent

on foreign oil, there are efforts to put
even more federal land off limits.

It is ironic—and its unwise. The
record shows that energy develop-
ment and environmental protection
are compatible.

For example, more fish are being
caught in the Gulf of Mexico today
than before the Gulf became the
most drilled body of water in the
world. And at the Aransas National
Wildlife Refuge in Texas, where
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Conoco has been producing oil and
natural gas for 35 years, there are
more rare whooping cranes than
when we started.

America’s land can be put to a
variety of compatible uses, including
the development of energy the nation
badly needs.

Doing more with energy.
Conoco, Stamford, CT 06904. © 1979
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Today’s Bunker Ramo is
helping the Swedish railways
make its curves as safe

as its straightaways.

If all the signals, speed restriction
boards and grade markers on the
Swedish railways were suddenly
removed, no one would miss them.
Because a new on-board computer
system is now capable of transmitting

which are coded to allow for the
various speed controls.

Today, through our well-known
Amphenol connectors, Bunker
Ramo has a leading position in

the aerospace and aircraft
industries, a strong foothold in
telecommunications, and

a growing role in fiber optics.
In addition, we are a major
producer of the data terminals

exactly the same information.
What's more, the system assures
the observance of speed limits in
critical situations. And that means
that when the engineer hits a curve
that calls for 40 kilometers an hour,
there’s no way he can do even 41.
Critical to the success of this
system are some very special
Amphenol® connectors designed by
Bunker Ramo engineers in England
and Scandinavia. And what makes
them special is the fact that each
connector plug assembly includes
one of 15 different printed circuits

o a——

l

and minicomputers that comprise
the information systems widely
used by commercial banks,
thrift institutions, insurance
companies and brokerage houses.
Most important, we are a company
with a reservoir of high technology, a
solid base of innovative products,
and a strong management team.
Which is why today’s Bunker
Ramo is a company that’s on the
move. For our latest financial reports,
write Bunker Ramo Corporation,
Dept. FR, 900 Commerce Drive,
Oak Brook, lllinois 60521.

BUNKER
RAMO
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On'TwoWays
to Own a Hasselblad

and Receive Two

Remarkable Gifts.

1. The Hasselblad carrying case (sug-
gested retail: $213) is made in Swe-
den of natural-finish cowhide. Inside,
it is suede lined. It holds any Hassel-
blad camera, with lens shade, and
other accessories. And it’s yours free
with proof of purchase and registra-
tion of a complete new Hasselblad
500 C/M or 500 EL/M (standard or

anniversary model).

2. The binoculars are the incredible
Zeiss Mini 8 x 20B C.E, with their
own leather pouch (suggested retail:
$390). Light, compact, yet they
deliver the brilliance, contrast, image
and resolution of much larger binoc-
ulars. They're yours free with proof
of purchase and registration of a
complete new Hasselblad Super
Wide C (SWC) camera. Or any one
of six specified Hasselblad lenses.

See your franchised Hasselblad
Dealer for complete details, or write:
Braun North America, Dept. SA8H,
55 Cambridge Parkway, Cambridge,
Mass. 02142

HASSELBLAD®

Offers limited to retail purchase in U.S.A. between
July 1 and October 31, 1979. Void where prohibited,
taxed, or restricted by law.
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What made human populations start to grow,

and modern referents of time and frequency

by Philip Morrison

HE MODERN RISE OF POPULATION,

by Thomas McKeown. Academic

Press ($16). The human popula-
tion has increased with increasing ra-
pidity since about 1750. A subset much
better measured, the population of En-
gland and Wales, had risen threefold in
the seven centuries from the time of
the Domesday Book to 1700. It tripled
again by 1851 and has very nearly tri-
pled once more since then. The phenom-
enon is unique in its scale, duration and
continuity. We need to know why, for
the sake of our future, if for no other
reason. The author, a British demogra-
pher of medical background, seeks the
answer in this small book of tight argu-
ment, first published in 1976. His meth-
od is explicitly unhistorical. He propos-
es to study the problem in the light of
present knowledge; what we need to
know is not what the physicians of the
past thought they were doing but how
effective their treatments actually were.
Gauging that does not call for the histo-
rian’s leap into the concepts of the past.

National registers of birth and death
supply the first firm data; no effort to
repair that lack for earlier times by local
records or clever indirect accounts can
be relied on. Concordant statistics are
provided by Sweden from 1749, France
from 1800, England and Wales from
1838 and Ireland from 1871. Birthrates
have been falling pretty steadily; allow-
ing for net migration, the population
has grown in spite of a lower birthrate.
The direct cause of the rise in popula-
tion is the decline in mortality. For this
we have significant detail: the cause of
death. The data are again decisive: most
of the decline has been due to the reduc-
tion of the effects of infectious disease.
The decline in deaths from infectious
diseases amounted to three-fourths of
the total decrease in mortality between
1850 and 1971 (with all rates standard-
ized to the age and sex distribution of
1901). Leading the decline, indeed con-
tributing more than half of it, were air-
borne infections, including tuberculosis,
pneumonia, influenza, scarlet fever and
smallpox.

Until about 1900 there was no de-
crease in infant mortality or in mortality
among those over 45; the improvement
came through the steady reduction at
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just those ages where mortality was nat-
urally lowest: the years from two to
45. Tuberculosis was the largest single
cause of death in Victorian times; its
decline is steady since the first years
of registration, a generation before the
tubercle bacillus was even identified.
Effective treatment began only after
World War 1I, first with streptomycin
and then with the BCG vaccine. The de-
tailed consideration of the other impor-
tant diseases broadly confirms the con-
clusion: neither treatment nor prophy-
laxis was the cause of lowered mortality.

Was it reduced exposure? For water-
borne diseases the answer is plain; the
safety of drinking water, milk and food
and the control of sewage made a real
difference. For the airborne diseases,
however, the reduction of exposure was
at most a secondary cause, unimportant
before 1900. Even as late as 1950 all
adolescents were shown by the tubercu-
lin reaction to have been exposed to tu-
berculosis; today only a minority bear
those immune signs. Was it perhaps a
spontaneous reduction in the virulence
of the disease? For scarlet fever and in-
fluenza such changes are fairly plain, al-
though they are cyclical. Again the uni-
formity of the effect over a wide variety
of disease agents that, like tuberculosis
and measles, remain fully infectious to-
day seems to exclude that cause or its
counterpart: a selective change in the
specific resistance of the human popu-
lation.

What remains? Argument by exclu-
sion is dangerous, but there are posi-
tive grounds for accepting the remain-
ing factor: general health has improved,
mainly because of the improvement of
the nutritional state of the people. New
crops, new seeds, new tools, better farm-
ing methods and better transport all re-
sulted in the people’s being better fed.
Britain fed herself during a trebling of
population without substantial imports
of food. The improvement in the life ex-
pectancy of the aristocrats, document-
ed along with the overall changes, does
not contradict this conclusion. Their mi-
nority case can be explained by their
reduced exposure, not offset by the bad
conditions of the cities. The lesson of
this analysis is easy to infer. Yet the Bir-
mingham of 1850 is not the Bengal of



On Photographing a Small Step

IT is unearthly. The landscape
undetfoot. It is soft and powdery.

A silver beast stands there. His
head is a shiny globe. His huge
frankfurter fingers hold a small box
that talks.

Click. Whir. Click. Whir.
A man is taking the first pictures
on the moon. He takes them with a

camera that gives him startling detail.
It is a Hasselblad.

It is the first of twelve taken
to the moononsix landings. And it
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Photograph by Hasselblad courtesy of NASA

Hasselblads have taken tens of
thousands of phptographs during
millions of miles of travel in space.

In all, 60 Hasselblads on 27
flights with 67 astronauts have com-
pleted 3566 orbits of earth and 363
of the moon.

Every Hasselblad proved reliable
on every flight under every
condition.

Today, 10 years after, Hasselblad
celebrates mankind’s giant leap with
a commemorative issue of a limited
edition (earth version) of the
500EL/M motor drive camera that
took those historic photographs.

The only medium format cam-
era on earth or in space that can
equal it, is another Hasselblad.

For even in an age of space,
much of a year goes into building
each Hasselblad; much of it crafted
by hand.

100 Hasselblads from one
No Hasselblad can be any better

than any other Hasselblad; only
more suited to your purposes.

Hasselblad is a prodigious sys-
tem of 4 cameras, 22 lenses, 8 view-
finders, 9 film magazines, and over
300 other accessories. And there
is no obsolescence.

Simply by choosing the right
pieces, you can custom build over 100
distinct Hasselblad cameras for
almost any photographic application.

From a man’s first steps on the
moon to a child’s first steps on earth.

An incredible motor drive
The 500 EL/M is the only hand held
medium format camera with an inte-
grated motor unit.

So unlike cameras with optional
motor drive attachments, it is built
to withstand the punishing demands
of motorized operation.

And the possibilities are infinite.

There is a dial set in the body
that will order the camera to fire in
any of five different ways.

From single shot to speeded up
continuous firing at the rate of one
shot every 8/10th of a second.

That means you can walk away
from the camera, devoting all your
concentration to your subject, while
firing with a remote cable.

Plug in the intervalometer, for
instance, and you can trigger the
camera automatically. At any
moment you want, from 2 seconds
to 14 minutes.

Or trigger up to four cameras
simultaneously with a command
unit.

Or, fitted for remote radio con-
trol, fire from a half mile away.

And the standard film frame on
a Hasselblad is 2% inches square,
almost 4 times the area of a 35mm
frame. So the ability to hold sharp-
ness and contrast is phenomenal.
(For actual size of film frame, see box
at lower right.)

The eyes of a Hasselblad

A Hasselblad can see with any one of
22 lenses; all multi-coated (except for
two special purpose lenses) in focal
lengths from 30mm to 500mm with
angular fields from 180 degrees to 9
degrees.
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There are lenses for sports,
aerial, architectural, and fashion
photography. Portrait, landscape,
medical, underwater and news pho-
tography. Wildlife, laboratory, indus-
trial and child photography.

A lavish brochure on the 500 EL/M
and other Hasselblad cameras is
available free if you write: Braun North
America, Dept.SA8H, 55 Cambridge
Parkway, Cambridge, MA 02142—a
division of The Gillette Company and
exclusive marketer of Hasselblad in the
US.

There is even the 105mm Zeiss
UV-Sonnar 4.3 which can photo-
graph the ultraviolet portion of the
electromagnetic spectrum with costly
quartz elements that can detect radi-
ations unseeable by the human eye.

There are also lenses that adjust
the aperture fully automatically as
the light changes.

Even if you are not yet into
these more exotic applications but
simply recording travel and everyday
happenings, it's nice to know that
your camera produces the very best
images in the medium format.

So, in effect, there is nothing
you can’t see with a Hasselblad. And
photograph. From what is invisible
to the naked eye to all that is visible
in the universe.

Is it any wonder then that
NASA came to Hasselblad for the
camera which was to photograph
space? And that top professional and
serious amateur photographers still

rely on Hasselblad.

HASSELBLAD®
The Motor-Drive Hasselblad 500 EL/M, made in

Sweden. The standard lens is a multi-coated Zeiss

Planar 80mm f/2.8T.*
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1980; the lesson must not be read too
narrowly.

McKeown frequently draws indirect
support from animal-population studies
and from what is known of birth and
death among human hunting popula-
tions living today. In these matters he
has not always found the best and most
recent data, nor is anyone quite sure of
the generalizations. At the worst, how-
ever, these questions lie in the back-
ground; his central points are strong, if
not yet compelling because of the lack
of quantitative knowledge. It is tempt-
ing to draw the conclusions over the
span of the entire human epoch. Hunt-
ing peoples achieved a balance with
their environment at a low number, by
methods that are not quite clear. Agri-
culture induced a strong rise in the num-
ber of head of human beings and their
livestock. The microbial parasites of the
domesticated mammals found a new
host in the inhabitants of the populous
new farm villages; infectious diseases
set limits on population once human
numbers grew enough to make the food
supply again marginal.

Then in western Europe at the begin-
ning of modern times the chain was
broken: a new agriculture brought new
food supplies, disease receded, popula-
tion grew apace. This time the growth
was limited not by a rise in deaths but
by a permanent drop in the birthrate
brought about by the conditions of the
modern nation state. Better water and
better food, preventive medicine, contra-
ception (which reduced the incidence of
unreported infanticide) and finally bet-
ter therapy all now take part in the bal-
ance. Infectious diseases are no longer
the captains of the men of death; even
our fears seem different now.

FREQUENCY AaND TIME, by P. Karta-
schoff. Academic Press ($24.50).
The bodily transport of high-precision
clocks is by no means the most expen-
sive way to compare times: “besides its
basic simplicity, the method has its spe-
cial excitements, e.g., running for the
nearest power line outlet because the
batteries are running low...or trying to
convince a customs officer that an atom-
ic clock is not an A-bomb.” The winds
of experience, although rarely in such
familiar domain, blow through this in-
teresting volume by a research-and-de-
velopment engineer of the Swiss Post
Office, where they take time checks se-
riously. Comparison at the microsec-
ond level, important for radio-naviga-
tion systems, is well served by flying the
clock. The power lines serve for com-
parisons only to seconds, and the tele-
phone networks generally provide accu-
racies good to a few milliseconds at the
sound of the tone.

The radio links are varied. WWYV in
Fort Collins and its score of counter-
parts, from ZLFS in New Zealand to
RKM in Irkutsk, provide for both hem-
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ispheres more or less elaborate cod-
ed transmissions, fixing frequency and
clock time by sky-wave signals on so
many frequencies that an experienced
operator anywhere can ‘“‘almost at any
time of the day find a useful signal.” In
Europe the proliferating time signals
even begin to interfere. A good receiver
and a triggered oscilloscope enable the
time to be read from a simple tick to half
a millisecond. The chief source of error
is the path delay, not hard to estimate
for single-hop signals but troublesome
once the signal is heard by multiple ion-
osphere bounces.

The stabler ground-wave propagation
at low frequencies has found wide favor,
with time comparisons under good con-
ditions reaching a fraction of a millisec-
ond with very simple receivers. With
phase-lock reception results are repeat-
able to within a microsecond per day.
The use of very-low-frequency radio—
below 30 kilohertz—has been steadily
growing. A high-power station can fur-
nish such a signal worldwide, with phase
variation from day to day of only a few
microseconds ‘“during sunlight on the
propagation path.” Eight stations ex-
ploit this band, including half a dozen
that are used mainly for low-speed com-
munication with U.S. Navy ships.

The navigational system called Lo-
ran-C provides intricate fast-pulsed sig-
nals from chains of stations (one master
station and several slave stations, all
at 100 kilohertz), which allow a rather
complex phase-sensitive receiver to lo-
cate its position by ground wave alone
to 100 meters or even better. The slave
pulses are delayed by known times, giv-
en nominally to hundredths of a mi-
crosecond, and are corrected after the
fact in atomic reference timetables pub-
lished by the U.S. Naval Observatory.
This system is an obvious aid to those
who would check their own precision
clocks. The author offers a detailed ex-
ample of his own exploitation of the Sylt
slave station “of the Norwegian Sea
chain” to check a commercial cesium
standard in Bern. The precision of his
daily checks was better than a tenth of a
microsecond, and the clock, no “well-
kept high-performance clock” but “an
average apparatus operated without
special precautions” and with no exter-
nal temperature control, was well within
the one part in 101! its manufacturers
warrant.

Better results require many clocks
and tricky weightings for the average.
Seven Loran-C chains cover the main
waters sailed by the U.S. Navy; a new
system, Omega, with eight stations
worldwide planned to cover the globe at
very low frequencies, promises phase in-
formation good to parts in 1013 over a
long average. Satellite-borne systems
are on the way (planned for 1984 de-
ployment) in which a couple of dozen
satellites will offer a three-dimensional
positioning service, said to be accurate
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to within 10 meters eventually. Such a
system must of course correct for gravi-
tational red shift and much else. From
this entire elegant subject there rises a
strong sense of irony: these are the mil-
itary applications of general relativi-
ty. The very-low-frequency stations list-
ed include what must be the most pow-
erful radio transmitters in the world,
with steady carrier-wave power reach-
ing 2,000 kilowatts.

The book includes the fundamentals
for precision work in this field, not at
the level of detailed circuitry or design
but with concepts, techniques and block
diagrams clearly set out. The chapters
describe the most frequently applied
statistical measures of stability (in the
domains of both time and frequency),
the various types of standard frequen-
cy sources in service (from quartz crys-
tals to cesium, hydrogen, rubidium and
methane), the current definition of time
scales, the application of electronic
counting techniques to the measure-
ment period and frequency, spectrum
analysis in this context, phase measure-
ments and the signal-comparison meth-
ods sampled above.

The spinning earth is plainly no long-
er our time giver. The accuracies now
offered by atoms or molecules are better
by orders of magnitude. The resonant
frequencies determined by the quantum
states have been made into a true time
scale by the wide distribution of the
quantum devices. These are now gener-
ally equipped with clever nonlinear sys-
tems for counting the fast-arriving cy-
cles and performing the four arithmetic
operations on the counts. Such appara-
tus provides accurate registration and
display even over long intervals; the ex-
pected time between failures for a cesi-
um-beam clock is three years. It is true
that the atomic time scale would be lost
if all the clocks were destroyed simulta-
neously, but the author dryly concludes
that “such an event might as well leave
nobody able to observe the stars” either.

Observatories still maintain the good
old earth-spin star time; it is called Uni-
versal Time, UT. (Corrected versions
are in service, called UT1 and UT2.)
Then there is a Keplerian time, defined
by the time of the earth’s orbit, although
it is actually obtained through heavily
corrected observations of the moon’s
motion. It is called Ephemeris Time,
ET. Atomic Time, AT, began by agree-
ment at Oh Om 0s UT2, 1 January 1958.
It counts the seconds since (each one de-
fined as 9,192,631,770 periods of the hy-
perfine radiation of cesium 133 in the
ground atomic state). The practical ver-
sion of AT is reckoned up in Paris after
a sophisticated weighting of the read-
ings of many nationally held cesium
clocks; it is called the International
Atomic Time Scale (TAI). Finally the
time signals give us all Coordinated
Universal Time (UTC), a compromise
time scale generated by the atomic



Now we can replace a lost
American Express Card in just one day.
And you won't suffer while you wait.

ow in an emergency, most lost or
N stolen American Express Cards can
be replaced fast—usually by the end
of the next business day. That is pretty
tough for any other card to beat. But, some-
times, even aday can seem like a long time.
Let’s just say you're in a strange country,
6,000 miles from home, and you've lost
your wallet, Card,money, travelers cheques,
checkbook, luggage, plane tickets. Well,
surprisingly, all is not lost. Simply go to the
nearest American Express Travel Service
Ofhice: There are more than 750 of them all
around the world.
Here’s what they’ll do for you:

\ N
After the Travel Service Office establishes your identity as a Cardmember,
most Cardmembers will find they can get a new Card usually by the close of the
next business day. Or, in some locations, right on the spot.

If you need lodging until
the replacement Card
arrives, they’ll simply
make a phone call
to assure you of a
room for the night.
And so you won’t go
hungry, they can even
arrange for meals.

Lost plane tickets are also a problem

they can help solve. They’ll confirm

a new reservation, and issue a new
ticket. And advise you about ticket re-
funding. And if, for example, you lose The American Express Card. Don’t
the Card in Singapore and are due in Tokyo leave home without it.
the next day, they can arrange things so i
_ you can pick up the new Card in

D Tokyo. Or in many other cities
3 ‘ % all around the world where
you'll find American Express
Travel Service Offices.
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One Stamford Forum, Stamford, Conn. 06904

“A telephone cable fiber as thin as
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a human hair? GEE!”

(No, GTE!)

It’s truly a miracle of modern science.
Ahair-thinfiber,made out of glass, that trans-
mits your voice with light impulses.

Just six of these fibers are used to form a
telephone cable. And it can handle just as many
calls as conventional copper cable which is six-
teen times the size.

The big benefit being that as telephone traf-
fic gets greater and greater (which it certainly
will), these cables will beable to handle it without
taking up much space under the ground.

“Fiber Optics” (asit’s called)isn’t just theory
anymore. It’s actually serving thousands of our
customers in California.

Because we at GTE finally took it out of the
labs. And put it under the streets.

GTE

Communications /Electronics / Lighting / Precision Materials
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THIS FAMILY OF VOLVO
OWNERS HAS ONE MILLION
MILES ON

Sy .
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Some years ago, Barry Vandenberg, an Sure enough, as the Vandenberg children
insurance agent from Oxnard, California, reached driving age, the Volvo population
decided on some life insurance for hisfamily. exploded. Today the Vandenbergs own

He wanted his whole family to drive seven Volvos, with a total of one million
Volvos, because he felt Volvos were the miles on them.
safest cars on the road. “These Volvos are still running beautifully,

even after all those hard miles;” says Mr.
Vandenberg. “More importantly, Volvo’s
safety features help me sleep better at night.
My kids are too old to coddle. But they’ll
never be too old to protect”

Statistics show that 9 out of 10 people
who have bought new Volvos are happy,
especially with Volvo’s safety features.

Building roomy, dependable, safer family
cars has always been a Volvo tradition.

It’s nice to see that for some families,
buying them is a VOLVO
tradition, too. A car you can believe in.
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clocks through TAI but kept within a
second of the slowly sliding earth-spin
time UT1 by a system of integer leap
seconds, plus or minus. These are deter-
mined by the Bureau International de
I’'Heure in Paris, to be entered to taste
after due notice on the last second of the
month, but particularly in December
and June.

THE BLUE REEF: A REPORT FROM BE-
NEATH THE SEA. Told by Alan An-
derson, Jr. Alfred A. Knopf ($12.95).
“The adventures and observations of
Walter Starck...at Enewetak Atoll” are
rich. Enewetak (the spelling differs from
the earlier “Eniwetok” because it was
chosen by the people of the atoll in
1972) is a place set apart. Here in 1952
the first thermonuclear device of the
unlimited type was exploded; in place
of one of the islets of the atoll neck-
lace there appeared “an irregular crater
about a mile in length [and] as deep as
the lagoon bottom.” In 1971 the marine
biologist Walter Starck came to the la-
goon in his trim white diesel craft, with
wife and children, a pet otter, a couple
of assistants and a little yellow subma-
rine. His chief aim was offbeat: to ap-
proach the gray reef shark close enough
to provoke an attack. Six months earlier
two even braver shark students from
Long Beach, Calif., had 10 times ap-
proached such sharks in Enewetak la-
goon to elicit the strange display of that
species when they are in the presence
of a diver. They observed the arched
back and wagging, rolling motion of the
display, and the case for the validity
of their observations seemed strong.
Starck was going to clinch the matter
under the protection of his submarine,
a five-horsepower, free-flooding bat-
tery-operated vehicle with canopy open-
ings closed by Plexiglas windows made
on the spot. Three months of work and
mishap, thoughtful reflection and sharp
observation of men and the sea are the
stuff of the book.

The gray-shark story is still uncer-
tain, although it is plausibly supported.
Many members of this species specialize
in taking wounded fish. A surface swim-
mer is therefore bait for them, although
they do not attack a steadily swimming
scuba diver. Their ritual display before
charging is a signal to other gray sharks,
a substitute for combat. Other shark
species do not display, apparently be-
cause they feed without interspecific
competition and on much commoner
forms of prey. As the gray shark twists
and turns iridescent colors flash along
its sides, “rosy and greenish and oth-
er hues...flashing in the sunlight.”
Starck’s observation is new; it is rare for
human beings to describe excited sharks
from such close range. The hues may be
a diffraction effect, with the fine tips of
the dermal denticles acting as diffrac-
tion centers.

Another wonder of the lagoon is a cer-

tain blenny, a couple of inches long, that
mimics the famous cleaning wrasse. The
wrasse swims into the mouth of large
fishes, or nuzzles their fins and gills,
earning its living by cleaning parasites
from the big fellows. Just like it in mo-
tion and appearance, but with four hid-
den fanglike teeth, is the sinister blenny,
which moves up to the expectant client
and takes from some soft fleshy spot a
little chunk of meat instead of a parasite!
Too many of the blennies and the large
fish will no longer tolerate the cleaning
wrasse. The diver is also prey to the
blenny, but the mouthful the fish takes is
tiny, and it does ‘““very little damage” to
the diver.

Starck is an autonomous worker of
wide and impressive competence. He
grew up in the Florida Keys, and he
learned there as youths will the subtle
arts of the boat handler and the fisher-
man. Marine scientists who begin to fol-
low the sea only as graduate students
lack such hard-won skills, and they draw
Starck’s cogent criticism for their waste
of equipment and time. Much of the
time of a little expedition is spent trying
to keep tools in working order; these in-
organic, mainly metallic, artifacts are
under unremitting attack from that
“powerful and persistent solvent,” ion-
ic seawater. One observation is telling:
a cable seemed to have cut its way
through inches of a steel beam by its
small motions as the seas heaved a
moored buoy. It was an illusion, but a
common one. The chafing cable had
merely removed the corrosion-limiting
rust, and in a few years the sea had eaten
away the steel under the cable.

Enewetak and its people, exiled and
reexiled by our weapons tests, form a
background to the tale. Starck is im-
pressed by the normality of the much-ir-
radiated lagoon; there is visible no gross
effect of the radioactive load. The debris
of human occupation—the huts, cables,
towers, wrecks and lost boreholes—are
much more obtrusive than direct signs
of the scores of weapons tests. The blast-
bared islets recover. Starck is of course
not able to judge the inner atomic load
on the chain of life, which in 1978 was
again held to make the atoll unsafe for
the Micronesians who once lived there
in fear only of typhoons.

This is a book full of fascinating mat-
ter, but its manner belies its value. The
prose cannot rise above its source, the
daily tape recordings of a man whose
conversational style clanks with the ver-
bal clichés of our time. (“The sun was
pretty brutal in the skiff, and the chil-
dren were pretty hot by then.”) Alan An-
derson, an experienced journalist, is un-
able to supply a style worthy of the
depth and novelty of thought. More dia-
grams would have improved the book;
the map supplied and the good photo-

graphs of Starck’s ship “the E!/ Territo”

(sic, very often) are more interesting
than most of the familiar color pictures
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of the bright reef fish. Starck has mas-
tered every art of the field scientist save
good writing.

N ILLUSTRATED GUIDE TO POLLEN
ANALYSIS, by P. D. Moore and J. A.
Webb. John Wiley & Sons ($19.95). Mi-
croscopic grains of pollen are coated
with a complex polymer of carotenoids
and their derivatives, not so very unlike
rubber. That coat is only slowly biode-
gradable, long outlasting other plant tis-
sues; in waterlogged or acid conditions
where bacterial action is low the grains
remain intact over geologic time. Pol-
lens blow abundantly downwind (a sin-
gle flower of the common juniper can
shed 400,000 pollen grains) and may
drift for substantial distances, even
thousands of miles seaward. A small
grain, say that of flax, measures 20 mi-
crometers across; a big one, say that of
the common mallow, measures 100.

The durable surface is intricately
formed, so that under the light micro-
scope the pollen grain of each genus,
often that of each species, has a charac-
teristic appearance: ridged, spiny, retic-
ulated and so on. Nowadays the scan-
ning electron microscope reveals some
grains of pollen in the round as curious
fruit or even as sculptured artifacts, mi-
crojewels of the woodland, and a few
such pictures are in this book. Mostly,
however, the 50 plates, each consisting
of some 10 photomicrographs, show un-
der the ordinary light microscope the
pollen of hundreds of British plants: se-
dum and plum tree, aster and mint, oak
and elm, ragweed.

The book is at once a text, a laborato-
ry manual and a field guide. The images,
made at magnifications of about 1,000,
are arranged to provide a workable key
to the pollen. That first key relies on the
tendency of some pollen to clump in
groups, two or four or more, and then on
the apertures visible in the grain surface.
This may be enough to take the searcher
to a single plate of photographs (‘“with
one three-slit aperture in the shape of a
Y”), or he may need next a count of the
pores or the furrows or both. All togeth-
er there are 14 classes of grains so keyed,
and then specific sculptural detail leads
the classifier to just one of the photo-
graphs. It is rather harder than sorting
wild flowers, at least to the unskilled
reader’s eye. The authors, two experi-
enced London botanists, nonetheless be-
lieve that with their text undergraduates
should be able to identify “ninety per-
cent of the pollen found in post-glacial
sediments™ of Britain.

This taxonomic study is not promoted
for its own sake. Over the past 60 years
the technique has flowered into a spe-
cialized science with its own learned
journals, a powerful tool for the study of
past climates, vegetation and agricul-
ture, and a valuable means of dating
(through the matching of distributions
of pollen types layer by layer). The
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Rockwell is more than a builder
of printing presses for most

major U.S. newspapers.

Much more. .t
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offset presses are currently serving
publishers around the world. Last
year alone, major newspapers in
over 80 countries ordered 200
Rockwell-Goss Metroliner press
units. We manufacture a full line of
web offset printing presses, and
auxiliary equipment and systems,
including some for smaller
newspapers and commercial printers.
Printing presses, however, are
just one of Rockwell's general indus-

1978
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1978 total sales

Rockwell
International

is @ major multi-
industry company, applying advanced
technology to a wide range of
products — in general industries,
aerospace, automotive and
electronics. Following are some exam-
ples of our balanced diversification.
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tries businesses.

General Industries.

(Sales, fiscal 1978: $1.5 billion.)

Rockwell is making news with
many products besides printing
presses. We're one of the world’s largest
suppliers of high-technology valves for
the energy market and for general
industry. We also make textile g
equipment, industrial sewing
machines, power tools and
products for utilities.

Our exten- g5
sive technology
is also being applied
to the world’s growing
need for alternate
sources of
energy. We're
involved in
projects for
nuclear energy,
coal gasification, flue
gas desulfurization,
and solar, wind and
geothermal power.

We've built over 70%
of America’s rocket engines, including
the Space Shuttle’s main engines.
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Aerospace.

(Sales, fiscal 1978: $1.4 billion.)

Rockwell products in this
broad category range from
satellites such as Navstar

to business aircraft. We
also have a long, proud
history as a designer
and builder of U.S.
military aircraft.
We're prime con-
tractor to NASA for its
Space Shuttle orbiters,
and for integration of
the entire Space Shuttle
system and selected
payloads.
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Offset printing is now feasible on
large presses: the Rockwell-Goss
Metroliner offers major daily
newspapers improved speed,
economy and reproduction.

Rockwell was the first to design
and build a complete satellite
communications earth station.

- Rockwell’s rocket
engine technology has
played a vital role in
America’s space
program — before and
during all of the Apollo
% Moon missions, and
into the present age of
the NASA Space Shuttle.
The Space Shuttle
Main Engine (SSME) we are
now developing for NASA
is the most advanced
project in the history of
rocketry. Each SSME will
develop nearly one-half
million pounds of thrust at
Shuttle lift-off, and maintain
full power for no fewer than
eight minutes. And each
SSME will repeat its per-
formance on fifty-five separate
launches, or a total of 7%z hours of
operation. It's the world’s first reusable
rocket engine, for the world’s first
reusable spaceship.

Automotive.

(Sales, fiscal 1978: $1.5 billion.)

Rockwell’s
styled aluminum wheels can
lessen a car’s weight up to 34 Ibs.

One-half of the highway
tandem tractors in North America are
equipped with Rockwell axles — and

more than half of the heavy-duty trucks
stop with Rockwell brakes. We're also
a major supplier of drivelines, me-
chanical devices, castings, reinforced
plastic and other components for
trucks, trailers, buses, vans and
passenger cars.

Producing styled wheels for
cars, vans and light trucks is another
of our strong automotive capabilities.
We're not only a major supplier of
styled aluminum wheels to the
automotive aftermarket, butto a
growing number of America’s car
manufacturers as well. We also
manufacture steel wheels and
wheel covers.

Electronics.

(Sales, fiscal 1978: $1.3 billion.)

We're one of the world’s
leading suppliers of avionics —
communications, navigation and
flight control equipment for air
transport, general aviation and
government aircraft. We also make
microelectronic systems and devices,
telephone call distribution systems,
and guidance and control systems.
And we manufacture and install
telecommunications systems for
businesses and governments
worldwide.

In addition, we're playing
an important role in bringing you
television entertainment from the
Public Broadcasting Service. Many
public television programs are beamed
into space and bounced off a satellite

for broadcast to homes all over America.

And 162 earth stations, constructed by
our Collins Transmission Systems
Division, do the receiving.

Together, they form the world’s
largest satellite communications
network, and provide public television
stations with added economy and
program flexibility. Another Rockwell-
built network of 192 earth stations is
now being completed for the National
Public Radio Service.
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Over 14,300 scientists
and engineers.

Of our 114,000 employees,
one in eight is either a scientist or an
engineer. They constitute about one
percent of America’s total scientific-
engineering community. This
technological base positions us for
leadership in each of our product
areas. It also makes our corporate
slogan, “. . . where science gets
down to business,” a fact.

Business is good.

Rockwell
International’s total
sales for 1978 were
$5.67 billion.

Fiscal 1978 was the
most profitable year
in Rockwell’s his-
tory. Net income,

up 23% over
fiscal 1977, was N
$176.6 million, &
generating a B
record %
$5.02 Ear;aings :J
hare, pershare N )
per share L

For more of the
Rockwell story, please write us:
Rockwell International,

Dept. 815S, 600 Grant Street,
Pittsburgh, PA 15219.

’ Rockwell
International
...where science gets down to business
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Introducing the most
advanced watch in
the world

CENTURION DUAL
TIME QUARTZ
CHRONOGRAPH ALARM

ONLY o
* 2time

49 & 3% zones gives
- local time

plus the time
anywhere else
in the world

= o Chronograph/
stopwatch allows
1,000’s of timing
needs

¢ Alarm can be set to
beep at any hour of the
day or night

g ¢ Quartz crystal allows =
15 seconds per month accuracy

e LCD ‘“‘always visihle’’ digital display
allows easy readability

FINALLY A WATCH THAT LOOKS LIKE A
SEIKO BUT GOSTS MUCH LESS!

The Centurion dual time chronograph alarm is the most
advanced watch available today. And at only $49.95, it is
unquestionably excellent value. We are able to make this offer
to you because of the tens of thousands of Centurions
that we’re selling by mail and because we’ve eliminated all
middle men. We sell factory direct to you. Furthermore, you
can’t lose with our thirty day free trial, so order your Centurion
today! Only $49.95 in silver tone and $59.95 in elegant
gold tone. Included are batteries and the manufacturer’s one
year parts and labor warranty. Servicing is accomplished by
a proven and experienced worldwide service-by-mail-facility.

OUTSTANDING FEATURES

o DUAL TIME. Local time always visible and you can set and
recall any other time zone (such as GMT). Also has a light
for night viewing.

o CALENDAR FUNCTIONS include the date and day in each
time zone.

© CHRONOGRAPH/STOPWATCH displays up to 12 hours, 59
minutes, and 59.9 seconds.

e On command, stopwatch display freezes to show inter-
mediate (split/lap) time while stopwatch continues to run.
Can also switch to and from timekeeping and stopwatch
modes without affecting either’s operation.

® ALARM can be set to anytime within a 24 hour period. At the
designated time, a pleasant, but effective buzzer sounds to
remind or awaken you!

Why Shop By Mail?

Shopping by mail is convenient. easy.and fun. We ship all
orders promptly to your home or office. You can charge your
order to any major credit card. Most of our products are
not available at your local store And if that 1sn't enough.
you have a 30 day no risk money back guarantee:

“Try any one of our products for 30 full days and if you are

not happy with the performance, features, or for any

reason wish to return a product, we will refund your full

Purchase price!”

CREDIT CARD BUYERS: TO ORDER CALL TOLL FREE
24 HOURS A DAY
To order in California call toll free (800) 432-7451

(800) 854-3831

DWS marketing international, Dept. 17, 350-A Fischer Av-
enue, Costa Mesa, California 92626 (714) 540-4444
Call our toll-free number for quickest service or send your check, Money
Order, or credit card info to us. Please allow ample time for checks to
clear. We accept Am. Ex., Carte Blanche, Diner's Club and all major credit
cards. Add $2.50 for insured postage & handling for first product & $1.00
for each additional product. Calif. addresses add 6% sales tax.
©DWS marketing international 1979
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samples of choice are peats, lake sedi-
ments and some acid soils. They are
taken with simple boreholes or coring
tools, and their pollen content is sepa-
rated and mounted on microscope slides
for counting and identification. In easy
cases boiling with lye (KOH), sieving,
washing, centrifuging and finally stain-
ing (a bright red) will yield a purified
pollen suspension for the slides. If plant
cellulose abounds in the peat, an acetic
acid treatment will remove it by acid
hydrolysis. For almost all organic peats
these two techniques suffice; inorganic
impurities call for more difficult pro-
cedures.

Then comes the careful path through
the key and the long counts. Pollen data
are generally plotted as percentages by
plant type, stratum by stratum a few
meters down. Rather intuitive means
of characterization and pattern zonation
work well; recent studies with the full
sophistication of numerical taxonomy
have generally confirmed the judgments
of earlier workers. Simple analysis can
still tell much; this book is an open invi-
tation for ‘“unskilled practitioners” to
take up this “robust and flexible tool.”
The scanning microscopes, the extrac-
tion by hydrofluoric acid, the subtle
computer programs are not indispens-
able. It is true that it may not be so easy
to make the decisions of form from the
key, nor is it plain that American bog
samples will be so well represented by
the British forms. The volume nonethe-
less illuminates the hidden powers of
palynology; there can be few frontier
research techniques that are so accessi-
ble to students.

YHOTO-ATLAS OF THE UNITED STATES,
produced by Photo-Geographic In-
ternational. Crown Publishers, Inc.
($7.95). A volume of colorful Landsat
photographs, each plate showing a piece
of the earth 100 miles or so on an edge,
was reviewed two years ago in these col-
umns. Beautiful and instructive, that big
book sampled our globe’s wonders, dis-
playing atoll and massif, delta and dune
field, fault rift and forest, generally ren-
dered in the bright false-color palette of
the three-band spectrum scanner. The
pages of this modest photographic atlas
are only duotone (halftones in black and
blue-green, mainly from pictures made
in the red spectral band), optimistically
billed as “the actual color of the land-
scape on a clear, spring day.” They
do, however, present the entire face of
the country: “the first complete photo-
graphic atlas of the U.S. using satellite
photography.”

Each spread, about 15 inches by 12,
shows a piece of our land at a uniform
scale of 18 miles per inch. Overlaid in
white on the Landsat pictures are the
state boundaries, and in addition impor-
tant physical features and an orienting
selection of cities and towns are clearly
marked with their names. Although it is
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less visually striking than the three-color
atlas, this is a utilitarian prize, a compre-
hensive physical map of the country of-
fering a clear impression of every part,
at a scale rather like that of the unaided
view from the window of a long-range
jet airplane. These halftones do not bear
magnification; resolution is lost in the
bargain reproduction of the original
mosaic photographs, since the dots run
about six to the mile, apart from the
overprinting of the two inks. Niagara
Falls cannot be made out, nor the Hoo-
ver Dam, but the watercourses they
cross are clear. The great open-pit mine
at Bingham Canyon in Utah is visible, as
are the launch pads and roads at Cape
Canaveral and many highways.

Coasts and shores are sharp. Land-use
patterns are generally distinct, from city
squares to the section lines of prairie
farms. Clouds are a minor annoyance.
Across the Turtle Mountains of North
Dakota runs the U.S.-Canada border. A
section of white line is deliberately omit-
ted over the image of those mountains
(as it is in a few other places), yet the
knife-straight border remains sharply
marked, thick forest on the Canadian
side parted from clear-cut logging and
road grids to the south. The narrow gla-
cial ridge that divides the source of the
Red River, which drains north through
Winnipeg to Hudson Bay, from the
source of the Minnesota River, whose
waters end up in the warm Gulf of Mex-
ico, is clearer here than in any other at-
las. Alaska and Hawaii are included, but
at much reduced scale.

For lagniappe the producers—a carto-
graphic team from Mountain View,
Calif—have included 10 aerial photo-
graphs in color at various scales, show-
ing 10 big cities from the air. The colors
are pseudonatural, much touched by hu-
man hands. A column of brief helpful
commentary runs down the margin of
every spread, calling attention to much
one can read from the photograph. For
example, the waters of the Great Salt
Lake hold a mysterious boundary, a per-
fect straight line for 20 miles, the south-
ern half of the lake much darker in tone
than the northern. It is the sign of the
embankment that carries the railroad
across the lake, “preventing the saltier
water to the north from mixing with the
water to the south.” In the salty part red
algae thrive; in the less brackish half the
blue-greens abound. The red-favoring
detector in orbit records the difference.

Furnished with this physical map, all
but alive, augmented by one of the ex-
cellent cheap highway atlases for politi-
cal mapping in detail, any traveler, real
or virtual, airborne or even on foot, is
soon well located, anywhere in the lower
48. There is a good index map. Meteor
Crater is unfortunately caught in the
fold of the pages, but this is a chance loss
in a useful book, one that would have
seemed an incredible marvel only 30
years ago.



“The most complete
and most scholarlydictionary 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

$1995

(PUBLISHER'S LIST PRICE: $125)

You simply agree to buy 4 books
within a year.

For the price of an average dictionary,
you can now treat yourself and your
family to the world's best dictionary of
the English language. The contents of
this two-volume edition are identical to
those of the ongmal thirteen-volume
set, priced at $495.

FEATURES

* Boxed set of two volumes, 9%” by 13%”
each.
All 16,569 pa es of the 13-volume original
included in 4134 pages of The Compact Edi-
tion through a photo-reduction process
which lpermlt% prmtmg of fourcrages of
original on one page of compact edition
¢ Paper is 30-pound Special Dictionary
White.
Binding is library buckram reinforced and
old-stamped.

ausch ‘k Lomb mag]mf\mg Eldss mcluded
in special drawer of Slipcase 3%’ lens
scientifically deslfzned to make reduced
print easily readable

k 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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Bookstore Quality at Book-Club Savings
You conveniently shop at ‘home at consider-
able savings. Whether you're adding up your
remarkable savings on the introductory offer,
or on books you are offered as a member,
these are always true savings...because every
Club book is as good as, or better than, those
sold in stores. You dont settle for the altered
or inferior editions that some book clubs send
their members.

Book-Dividends. When you remain a Club
member after the trial period, every book you
buy earns Book- I)nl(lknd® credits. These
entitle you to choose from a wide variety of
significant books at hard-to-believe savings of
at least 70%.
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Bacterial Tests
for Potential Carcinogens

New short-term tests can identify environmental agents that cause

damage to DNA, the primary event in chemical carcinogenesis. The

tests are also valuable for clarifying the mechanism of DNA damage

he fact that physical and chemi-
cal agents in the environment en-
hance the incidence of cancer has
become of great concern. It is clear that
an adequate limitation of human expo-
sure to carcinogens would save lives. To
identify potential carcinogens in the en-
vironment is therefore an urgent task. In
the case of chemical carcinogens that is
no easy matter. It is estimated that more
than 50,000 different man-made chemi-
cals are currently in commercial and in-
dustrial use; between 500 and 1,000 new
chemicals are put on the market every
year. The standard animal tests for po-
tential carcinogenicity take a long time
and cost a great deal of money.
Fortunately there is an alternative to
the classical animal tests. One can take
advantage of the profound unity of liv-
ing matter and resort to bacteria as the
test organisms. A bacterial assay for car-
cinogenicity takes a few hours or days
rather than the two or three years re-
quired for an animal test, and it costs
far less. An effective bacterial test has
been developed by Bruce N. Ames of
the University of California at Berke-
ley, based on the ability of a chemical
to cause mutations in bacteria. More re-
cently my colleagues and I at the Centre
National de la Recherche Scientifique in
Gif-sur-Yvette have devised a group of
tests based on a chemical’s ability to in-
duce the development of a dormant vi-
rus in bacteria. The Ames test and our
tests not only provide means of identify-
ing dangerous chemicals but also are
powerful new tools for learning to un-
derstand the primary events of the carci-
nogenic process initiated by chemicals.
Cancer is a disease of highly evolved
multicellular organisms such as human
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by Raymond Devoret

beings, whereas bacteria are minute sin-
gle cells at the opposite end of the evo-
lutionary scale. It may therefore seem
paradoxical that bacteria can serve to
identify substances that cause cancer.
Actually, however, there is no paradox.

One tends to think of a cancer as a
tumor that can spread through the body
to form multiple tumor colonies (metas-
tases). That is a clinical, macroscopic
view of cancer at a multicellular stage,
since just one gram of malignant tumor
already contains a million cancer cells.
Cancer begins at the level of the single
cell. A cell in an adult tissue evolves in
such a way that it departs from con-
formity with the strict physiological
rules governing the set of identical cells
that constitute a tissue; it becomes a
unique and distinguishable defect in an
otherwise monotonous structure. The
cell begins to divide and a tumor grows.
Some of the daughter cells may break
the tissue barrier, invading adjacent tis-
sues and usually metastasizing to distant
sites. Cancer cells have a great selective
advantage, since they escape the pro-
grammed fate of most normal cells: to
age and die. For cancer cells the entire
body is a culture medium in which they
thrive, ultimately to die with the body
they Kkill.

Physical and chemical agents in the
environment cause cancer by damag-
ing DNA, the cell’s hereditary material.
DNA damage initiates a complex cellu-
lar process that in mammalian cells can
eventually lead to transformation into
a cancerous state. Agents that damage
DNA are therefore potential carcino-
gens. DNA is the hereditary material of
all living cells, and both DNA lesions
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and the cellular processes that repair
them are remarkably similar in bacteria
and in human cells; what is detrimental
to bacterial DNA is likely to harm hu-
man DNA. That is the theoretical jus-
tification for substituting bacteria for
mammalian cells in tests to detect dam-
age to DNA.

The theoretical justification is sup-
ported by experimental and practical
results: bacterial tests distinguish with
more than 90 percent reliability between
known carcinogens and known noncar-
cinogens, and they have identified as po-
tential carcinogens new chemicals that
have subsequently been shown to be
carcinogenic in animal tests. Of course,
the manifestations of DNA damage are
very different in bacteria from the trans-
formation to the cancerous state that is
observed in mammalian cells. In com-
pensation the bacterial tests are so much
faster and less expensive as to finally
make comprehensive screening for po-
tential carcinogens a feasible objective.

The carcinogenic potential of physi-
cal agents, and notably of ionizing radi-
ations, is much better understood than
that of chemical agents. Broad popular
awareness that radiations can cause can-
cer has come only in the era of nuclear
weapons and reactors, but the danger
actually became apparent soon after the
discovery of X rays by Wilhelm Kon-
rad Rontgen in 1895. Only four years
later it was reported that a technician
who checked newly manufactured X-
ray tubes by fluoroscoping his own hand
was afflicted with a skin cancer; he even-
tually died of it. The warning was ig-
nored, and most of the first generation
of radiation therapists died of cancer.
The carcinogenic effect of the ultravio-



let radiation in sunlight has also been
known for some time. As long ago as
1905 a French physician named Du-
breuilh observed that skin cancers of the
back of the neck were particularly prev-
alent among workers who were exposed
to the sun as they tended the vineyards
and harvested grapes in the Bordeaux
region.

Although X rays, gamma rays and
other radiations hit all the components
of cells in a random manner, it was rec-
ognized quite early that the genetic ma-
terial must be the most radiation-sen-
sitive cellular target. DNA constitutes
only a minor fraction of the chemical
components of a cell, but direct or indi-
rect damage to it has great impact on the

cell’s future, whereas damage to pro-
teins and other cellular components has
much less effect. That is because DNA is
the memory of the cell. DNA replicates
to beget DN A, and so errors in DNA are
transmitted from cell generation to cell
generation.

The double helix of DNA consists of
two chains of sugar (deoxyribose) and

THREE BACTERIAL TESTS for potential carcinogens reveal DNA
damage: the Ames test (top), the inductest (middle) and the lambda
mutatest (bottom). In each case the culture plate at the left is an un-
treated control; tester bacteria on the center plate were treated with a
moderate dose and those at the right with a higher dose. The Ames
test shows the extent of reverse mutations in histidine-deficient Sa/-
monella typhimurium that enable the revertant bacteria to prolifer-
ate. A background of spontaneous mutant colonies (red stain) is seen
at the left. Many more colonies grow when tester bacteria are exposed
to 250 nanograms (center) and 750 nanograms (right) of the potent
mutagen (and carcinogen) nitrosoguanidine, In the inductest (middle)

DNA damage is revealed by the induction of a prophage, a dormant
bacterial virus integrated in the DNA of “lysogenic” Escherichia coli;
mature phage particles burst out of the tester bacteria and create
plaques on a lawn of indicator bacteria of strain A (red stain). Here
the DNA damage was caused by the antitumor drug mitomycin C,
10 nanograms of it on the center plate, 200 nanograms at the right.
In the mutatest (bottom) a modified form of the prophage makes
plaques on a lawn of E. coli of strain B (on which nonmutated phage
cannot form plaques) when it undergoes mutation in its “operator”
regions and can no longer remain dormant. Again the treatment was
10 nanograms of mitomycin C (center) and 200 nanograms (right).
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STRUCTURAL ALTERATIONS are im-

posed by radiations or by chemical agents on
the double helix of DNA, two chains of sugar
and phosphate groups (helical bands) linked
by paired bases: either adenine (4) and thy-
mine (7'), or guanine (G) and cytosine (C). The
alterations can be classified in five categories,
examples of which are illustrated: negligible
helix distortions (I), as by alkylation of one
of the bases; minor distortions (2) caused by
hydration or the absence of a base; major dis-
tortions (3) caused by insertion of an “adduct,”
linking of two bases to form a dimer, or cross-
linking between the two strands or between a
strand and a protein; breaks in a single strand
(4) or in both strands (5). Any structural alter-
ation affects DNA’s function as a template
for replication, but some negligible alterations
are not sensed by a cell as damage to DNA.

42

phosphate groups linked, as by the rungs
of a twisted ladder, by paired nitroge-
nous bases: two purines (adenine and
guanine) and two pyrimidines (thymine
and cytosine). Adenine always pairs
with thymine and guanine with cytosine,
but the sequence of the bases along a
strand of DNA is variable and carries a
particular coded message. Any altera-
tion, even a slight one, in the structure of
the double helix affects the functions
of the DNA, one of which is to serve as
a template for its own replication.

Not every DNA alteration is sensed in
the cell as DNA damage. Defined pre-
cisely, DNA damage is an alteration
that constitutes a stumbling block for
the replication machinery and hence
hampers the replication of DNA, en-
dangering the survival of the cell. Once
incurred, DNA damage calls for repair,
which is accomplished by the interplay
of at least a score of enzymes whose
action is governed by as many genes.
Repair is never totally efficient, and so
many cells die. Some cells may survive,
however, even though the lesions are not
totally removed from their DNA, be-
cause a repair process has bypassed the
lesions. Replication then: reconstitutes
an undamaged double helix, but one
bearing a coded message different from
the original one. The scars left on the
DNA by such a process are mutations.

The correlation between radiation-
induced cancer and radiation-induced
DNA damage has long been apparent to
radiation biologists, but it is only recent-
ly that molecular evidence has been
found that DNA damage is a direct
cause of cancer. The evidence comes
from patients suffering from xeroderma
pigmentosum, who are extremely sensi-
tive to sunlight and, while they are still
very young, develop skin cancers of
which they may eventually die. James E.
Cleaver of the University of California
School of Medicine in San Francisco
and Dirk Bootsma of Erasmus Universi-
ty in Rotterdam have demonstrated that
xeroderma patients suffer from a well-
characterized genetic defect: their cells
cannot carry out a particular DNA-
repairing process.

At noontime on a sunny day the flow
of ultraviolet radiation that reaches the
earth is strong enough to generate py-
rimidine dimers in the DN A of exposed
cells by linking two laterally adjacent
thymines or a thymine and a cytosine.
Most such DNA lesions in skin cells are
repaired in normal people by an ex-
cision process strikingly similar to the
“cut and patch” repair process in bac-
teria exposed to the same radiation.
In xeroderma patients, however, the le-
sions go unrepaired, and their accumu-
lation appears to bring on cell transfor-
mation: DNA damage breeds cancer.

Appreciation of the carcinogenic role
of chemicals in the environment has
come slowly, even though instances of
cancer caused by occupational exposure
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have long been observed. As early as
1775 the British physician Sir Percival
Pott correlated the incidence of cancer
of the scrotum in men who had once
been chimney sweeps with the accumu-
lation of soot in their groin area many
years before. Experimental findings on
chemical carcinogens date back at least
to 1918, when two Japanese investi-
gators, K. Yamagiwa and K. Ichikawa,
showed that skin cancers could be in-
duced by repeated applications of coal
tar to the ear skin of rabbits. One of
the chemicals responsible for causing
such cancers is benzo[a]pyrene, which is
also present in soot, cigarette smoke and
charred meat.

Progress toward understanding chem-
ical carcinogenesis has been slow for
at least three reasons. First of all, most
chemical carcinogens are not biological-
ly active in their original form, so that
testing them in that form does not reveal
their carcinogenic nature. Only about a
decade ago did it become clear, as a re-
sult in particular of the investigations of
James A. Miller and Elizabeth C. Miller
of the University of Wisconsin, that nor-
mal metabolic processes, which convert
food into substances the body can ab-
sorb and eliminate and convert harmful
compounds into harmless ones, trans-
form environmental chemicals into me-
tabolites capable of inducing cancer.
Those metabolites had to be character-
ized in order to show just how their par-
ent substances are threats.

A second delaying factor was that the
actively carcinogenic metabolites react
with various cell components, including
RNA and proteins as well as DNA.
Since there are a lot of proteins, per-
forming important functions, it was of-
ten assumed that damage to proteins
might play the major role in the cancer-
ous transformation initiated by chemi-
cal carcinogens. The key role of damage
to DNA in carcinogenesis by chemicals
was recognized only recently, and the
results of the bacterialtests have provid-
ed strong (although indirect) evidence
for such a mechanism.

Finally, the understanding of chemi-
cal carcinogenesis has been obscured by
the fact that DNA damage, although it
is the essential event in the initiation of
carcinogenesis, does not usually in itself
lead to cancerous transformation; addi-
tional factors are apparently required to
promote the complex chain of cellular
events culminating in the transforma-
tion. DNA-damaging agents in them-
selves are therefore only potential car-
cinogens.

A I pointed out at the beginning of this
article, only a small fraction of the
flood of chemicals reaching the market
every year can be tested accurately by
means of the standard animal assays. In
order to obtain results with statistical
significance a great many animals must



be (or at least should be) exposed to
each tested chemical; for that reason
alone a comprehensive screening of new
chemicals would be impractical (other
than the few, such as food additives,
drugs and cosmetics, for which testing is
mandated). Even when animal tests are
feasible, manufacturers need low-cost,
fast tests if they are to identify DNA-
damaging substances while new prod-
ucts are still under development and al-
ternative ones can still be sought.

Studies of the epidemiology of human
cancers have provided much informa-
tion on environmental carcinogens, but
such studies are of little immediate val-
ue in detecting new potential carcino-
gens because most human cancers ap-
pear only some 20 or 30 years after the
exposure that gives rise to them. Epide-
miological analysis has most frequently
been successful in detecting a chemical
to which an identifiable subpopulation,
such as workers in a particular industry,
are exposed and because of which they
show a high incidence of a particular
type of cancer. For some widely distrib-
uted carcinogens there are no clearly
identifiable subpopulations for statisti-
cal analysis.

There is no doubt, then, that the pres-
ent situation calls for simple, fast, inex-
pensive methods of detecting potential
carcinogens, which is to say DNA-dam-
aging agents. One possibility is to mea-
sure DNA damage directly in mam-
malian cells by determining biochemi-
cally the incidence of particular forms
of DNA damage in cells exposed to a
chemical. Such studies are being done
by molecular biologists, and their re-
sults provide valuable standards of ref-
erence. For screening purposes, how-
ever, it is cheaper and faster to detect
and measure the extent of DNA damage
by scoring its manifestations in bacteria.

One of the great advantages of assays
done with bacteria is the enormous bio-
logical amplification implicit in bacteri-
al manipulations. It is easy to grow as
many as a billion (109) bacteria per mil-
liliter of culture medium. A mutational
event such as a change in a single base
pair in the bacterial DNA, which is im-
possible to detect by standard biochemi-
cal methods, will be revealed as a mu-
tant bacterium. That single bacterium
can be selected from among 109 cells
because its daughter cells, and only they,
will proliferate and form a colony visi-
ble to the unaided eye on an agar nutri-
ent plate. Since a colony consists of
aboutamillion(106) bacteria, arare sin-
gle mutational event with a probability
of, say, one in 100 million (a probability
of 10-8) would thus be amplified by a
factor of 100 trillion (1014).

he series of cellular events that leads
to mutation, and to several other
manifestations of DNA damage in bac-
teria, has recently been somewhat clar-
ified. The bacterium Escherichia coli,

which inhabits the colon of a number of
mammals including human beings, is
genetically programmed to divide and
(under optimal conditions for growth)
form two daughter bacteria in 30 min-
utes. When the DNA of a bacterium is
damaged, the bacterium may need more
than two hours to resume its cycle of
division (if it is not killed by the dam-
age). During that time there is a se-
quence of cellular events.
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Immediately after the primary DNA
lesions are incurred a first round of re-
pair is effected: an excision repair, in
which the damaged segment is cut out of
the DNA and replaced by an undam-
aged DNA sequence. Some residual le-
sions will remain, however. If they are
bulky or clustered, the residual lesions
hamper the DNA-replication machin-
ery, and replication stops abruptly. Un-
less the arrest of replication is transitory
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RESYNTHESIS LIGATION

XERODERMA PIGMENTOSUM is a genetic disease whose victims develop skin cancer as a
result of normal exposure to sunlight, typically on uncovered parts of the body, as is shown in
the photograph at the top. These patients lack a DNA-repair process that in normal individuals
removes thymine dimers, the lesions created by the ultraviolet radiation present in sunlight (7).
In the normal repair process the bases in the lesion areas are first excised (2). Then the excised
stretches of DNA are resynthesized and the new segments are ligated to undamaged stretches (3).
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SEQUENCE OF CELLULAR EVENTS follows DNA damage im-
posed on E. coli by ultraviolet radiation or by the carcinogen afla-
toxin B;. Immediate repair processes mend most of the lesions but
leave residual damage, causing an unscheduled arrest of DNA repli-

SUSPECTED CARCINOGEN
ON FILTER PAPER

RAT-LIVER TESTER
EXTRACT BACTERIA

NV

MUTAGENESIS is detected in the Ames test by mixing an extract
of rat liver (which supplies mammalian metabolic functions) with
tester bacteria (which cannot grow because a mutation makes them
unable to manufacture histidine, a necessary nutrient) and plating
the mixture on an agar medium so that a thin layer of bacteria covers
the medium evenly, as is shown on a microscopic scale (). In this

SUSPECTED CARCINOGEN

TESTER ON FILTER PAPER

BACTERIA
RAT-LIVER | INDICATOR
EXTRACT l BACTERIA

7%

INDUCTION of a dormant bacterial virus, prophage lambda, is de-
tected in the inductest. Lysogenic tester bacteria are mixed with rat-
liver extract and then with indicator bacteria. The mixture is plated;
the medium is covered with a thin layer of indicator bacteria inter-
spersed with a few lysogenic bacteria (/). After a day most of the plate
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cation. This threat to cell survival activates the RecA protein to be-
come a protein-cleaving enzyme and also induces the synthesis of
more RecA. Various forms of the protein are involved in three proc-
esses that give rise to the four observed phenomena shown at right.

h

[~}

TWO DAYS

&

“spot assay” a dose of the chemical to be tested is placed on a disk of
filter paper on the tester bacteria. After two days most of the /is  bac-
teria have died for lack of histidine (2), but DNA damage caused by
the chemical diffusing out from the disk has given rise to mutations,
some of which result in reversion of the /7is— mutation. The histidine-
making revertant bacteria proliferate, forming visible colonies (3).

ONE DAY

is covered by a thick lawn of indicator bacteria (2). Where the chemi-
cal that is being tested has diffused from the filter-paper disk the
DNA damage it causes leads to the induction of mature lambda phage.
The phage particles burst out of the lysogenic cells and kill indica-
tor bacteria in the vicinity, making visible plaques on the lawn (3).
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the cell’s survival is at risk. As Miroslav
Radman of the University of Brussels
and Evelyn M. Witkin of Rutgers Uni-
versity first suggested, the following cel-
lular adaptive mechanisms come into
play to cope with the emergency:

1. A second round of repair is in-
duced. This inducible and error-prone
repair (nicknamed “SOS repair”) tends
torestore the structure of the DNA even
though there are errors in the coded
message; indeed, this adaptive response
may be successful partly because it does
not “bother” to follow the base-pairing
rules of normal DNA replication. At
any rate, the price paid for cell survival
appears often to be mutagenesis.

2. Cell partition ceases. The elonga-
tion of the cell that ordinarily precedes
division is protracted, and the cells may
form filaments. The elongation may be
adaptive in that it facilitates recombina-
tion between the two sets of damaged
chromosomes in the cell, the intact seg-
ments of each combining to yield an in-
tact chromosome.

3. If a prophage, or dormant bacterial
virus, is present in the cell, it is induced
to develop into a large number of ma-
ture progeny phage that burst out of the
cell. This adaptive response evolved by
the prophage ensures its survival when
a host cell appears to be doomed to die:
the rats leave the sinking ship.

Each of these adaptive responses is in
part promoted by a multifunctional pro-
tein called the RecA protein (for “re-
combination,” since defects in the pro-
tein impair recombination in general).
The RecA protein appears to be re-
quired in E. coli not only for recombina-
tion but also for the responses listed
above. The RecA protein is activated
and its synthesis dramatically increased
when DNA replication is blocked.

f the various bacterial manifes-
tations of DNA damage, Ames
chose mutagenesis as the basis of his
pioneering work to develop a test for
potential carcinogens. His Salmonella-
mammalian-liver assay, known general-
ly as the Ames test, is currently the stan-
dard test and by far the most widely
used. The tester organism is a strain of
Salmonella ryphimurium, another colon
bacterium, bearing a mutation (his—)
that renders it unable to manufacture
one of the enzymes required for the syn-
thesis of the amino acid histidine, a nec-
essary component of proteins. As a re-
sult of the mutation the bacterium is
unable to grow in a mineral nutrient me-
dium unless the medium is supplement-
ed with an external supply of histidine.
On very rare occasions a his~ muta-
tion undergoes reversion: a back muta-
tion restores the DNA’s normal coding
sequence for the needed enzyme and
thereby restores the internal supply of
histidine. The reversion can be scored
because only the revertant bacteria
form colonies on a medium that lacks

histidine. Obviously the spontaneous
rate of reversion, which is ordinarily
very low, will be considerably enhanced
if the his— bacteria are exposed to a
chemical that induces mutations. This is
the theoretical basis of the Ames test.

Actually Ames and his colleagues had
to introduce three important modifi-
cations into the original Ais- strain to
make it a sensitive and versatile tester
bacterium. Bacteria such as E. coli and
S. typhimurium have a rather imperme-
able envelope that reduces or even pre-
vents the penetration of many chemicals
into the cell. (This bacterial armor has
evolved because the bacteria must usu-
ally survive in a hostile environment
such as an intestine or a sewer.) Ames
and his colleagues overcame the enve-
lope barrier by introducing a mutation
that gives rise to defects in the envelope.
They went on to make the strain more
sensitive to DNA-damaging agents by
eliminating its capacity for excision re-
pair, so that most of the primary lesions
remain unhealed. And they introduced
into the bacterium a plasmid, a foreign
genetic element that makes DNA repli-
cation more error-prone. By means of
these three modifications a strain was
constructed in which just a few mole-
cules of a carcinogen are able to create
DNA lesions, each of which is likely
to engender a mutation; of those muta-
tions, some will be such that the internal
supply of histidine is restored.

The real breakthrough, and the one
that made the Salmonella test truly effec-
tive, was Ames’s idea of mixing the test-
er bacteria with an extract of rat liver
and thereby subjecting the tested chemi-
cal to mammalian metabolic processes.
As I pointed out above, it is usually not
the original form of a chemical carcino-
gen that is active but rather one of its
metabolites. Because the liver is the
body’s major metabolic factory the en-
zymes of a rat-liver extract should con-
vert the chemical being tested into me-
tabolites that react with DN A—if there
are any.

In practice the Ames test is usually
done by adding the chemical to be ex-
amined to his- tester bacteria immersed
in arat-liver extract and plating the mix-
ture on a solid nutrient medium devoid
of histidine. (For demonstration purpos-
es the chemical can instead be spotted
on a disk of filter paper, which is then
placed on a medium on which the bacte-
ria, mixed with the liver preparation,
have previously been plated.) After two
days of incubation any cells that have
undergone the reversion mutation will
give rise to revertant colonies. The num-
ber of such colonies per mole of the test-
ed chemical provides a quantitative esti-
mate of the mutagenic potency of the
chemical.

he simplicity, sensitivity and accura-

cy of the Salmonella test for screen-
ing large numbers of environmental
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sources of potential carcinogens has re-
sulted in its current application in more
than 2,000 governmental, industrial and
academic laboratories throughout the
world; it is estimated that 2,600 chemi-
cals have been subjected to the test.
Ames and his collaborator Joyce Mc-
Cann have themselves validated the
procedure by testing more than 300
chemicals that were previously report-
ed, on the basis of animal experiments,
to be either carcinogens or noncarcino-
gens. About 90 percent of the reputed
carcinogens turned out to be mutagenic
and about the same proportion of the
noncarcinogens were negative for muta-
genicity. Other mutagenicity tests have
since been devised with E. coli as the
tester bacteria, and their efficiency is
about as high as that of the original Sal/-
monella test.

Two impressive accomplishments of
mutagenicity tests can be mentioned to
give an idea of their value. In Japan the
chemical furyl furamide, known as AF-
2, was added to a broad range of com-
mon food products for some years as an
antibacterial agent. It had not shown
any carcinogenic activity in standard
tests on rats in 1962 or on mice in 1971.
Then in 1973 T. Sugimura and his col-
leagues at the National Cancer Centre in
Tokyo found that AF-2 was highly mu-
tagenic in bacteria; they could easily
demonstrate the mutagenic activity of
the additive contained in just one slice of
fish sausage! The discovery prompted a
new round of more thorough animal
tests for carcinogenicity, which showed
that AF-2 was indeed a carcinogen. It
was withdrawn from the market. If it
were not for the bacterial test, AF-2—
which had passed two approved animal
tests and been declared negative for car-
cinogenicity—would presumably still be
a component of fish sausage and other
Japanese food products.

In 1975 Ames and his colleagues re-
ported that 89 percent of the major class
of hair dyes sold on the U.S. market
contained mutagenic compounds. Since
then the cosmetic industry has modified
the composition of most hair dyes. It is
estimated thatseveral tens of millions of
people dye their hair in the U.S. alone,
which suggests that the discontinued
components had presented a consider-
able risk.

In spite of all their advantages the mu-
tagenicity tests have some technical and
even theoretical limitations. Since muta-
tions are revealed in the Ames assay by a
restoration of enzyme activity, any mu-
tation that does not happen to recon-
struct the precise DNA sequence that
codes for the histidine-making enzyme
is not observed. To take one example,
the antitumor drug bleomycin, which
does its therapeutic work by damag-
ing the DNA of tumor cells (as do
about half of all antitumor agents), fails
to induce the mutation that is scored in
the Salmonella test. A false-negative re-
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sponse of this kind is a technical prob-
lem that can be remedied by substituting
other tester bacteria or a complementa-
ry short-term test.

False-positive responses are more sig-
nificant from a theoretical point of view
because they may raise some doubts
about the validity of mutagenicity tests
for identifying potential carcinogens.
The point is that some chemical reac-
tions with DN A are highly mutagenic in
bacterial and mammalian cells without,
as far as one can tell, being carcinogenic.
Among these are the incorporation of
an analogue of one of the nitrogenous
bases and the methylation of certain
sites on the bases. Such reactions cause
negligible alterations in DNA structure
that are not sensed in the cell as DNA
damage; DNA replication proceeds on
schedule and the new DNA carries a
readable—although wrong—coded mes-
sage. This process is termed direct mu-
tagenesis, and in scoring for mutations
it should be clearly distinguished from
the more frequent indirect mutagenesis.
In the latter process, described above,
DNA damage brings about a transient
arrest in replication; replication is re-
sumed with the help of the RecA protein
on a template that carries lesions, caus-
ing mutagenesis of the newly formed
strand.

Since it is DNA damage that appears
to initiate the cancerous transformation
of a mammalian cell, a chemical is a
potential carcinogen if it isa DNA-dam-
aging agent, not simply because it causes

SPOT ASSAYS visualize the efficacy of bacterial tests qualitatively,
although quantitative assays are preferable (see illustration on page
4I). In the Ames test (/eff) the tested chemical was ethyl methane
sulfonate, an alkylating agent and potent mutagen. A dense halo of
revertant S. typhimurium colonies is seen around the disk from which
the mutagen diffused. (Close to the disk there is a zone in which a toxic
concentration of the chemical killed all bacteria.) The larger colonies
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mutations. A mutagen can have strong
genetic effects on a biological popula-
tion by altering the information encod-
ed in the DNA of individuals’ germ cells
but nonetheless fail to cause cancer be-
cause it does no real DNA damage to
the somatic cells: the cells of the rest of
the body. Not all genetic toxic sub-
stances (chemicals that affect DNA) are
potential carcinogens, whereas chemi-
cal carcinogens—because they damage
DNA—are all indirect mutagens. In oth-
er words, mutagenic activity in bac-
teria is correlated with carcinogenesis
in mammals primarily through indirect
mutagenesis, which results from DNA
damage.

n 1953, before the structure of DNA

had even been established, André
Lwoff of the Pasteur Institute in Paris
anticipated that “inducible lysogenic
bacteria might become a good test for
carcinogenic and perhaps anticarcino-
genic activity.” A bacterium is said to be
lysogenic when it carries, in a dormant
state, the DNA of a “temperate” bacte-
rial virus, which in this dormant state is
called a prophage. One such temperate
virus is phage lambda, which becomes
a prophage when it is integrated into
the DNA of certain lysogenic strains
of E. coli.

When lysogenic E. coli bacteria are
subjected to any treatment that halts
DNA replication, the prophage is in-
duced: its DNA loops out of the bacteri-
al DNA and also directs the synthesis of

© 1979 SCIENTIFIC AMERICAN, INC

proteins forming the virus particle, and
a progeny of mature phage develops,
bursting out of the host cell. The process
is called lysogenic induction. Under nor-
mal conditions the dormant state of pro-
phage lambda is maintained by arepres-
sor, a protein that lies on the DNA’s
“operator” regions and blocks the oper-
ation of the lambda genes (except the
gene that directs the synthesis of repres-
sor to keep the prophage dormant). Jef-
frey W. Roberts and Christine W. Rob-
erts of Cornell University discovered
that the induction of prophage lambda
results from the cleavage of the lambda
repressor; together with Nancy Craig
they have recently shown that relatively
pure repressor can be cleaved when it is
mixed with an activated form of the
RecA protein.

By triggering the activation of the
RecA protein into the form that can
cleave a viral repressor, DNA damage
results in the induction of a dormant vi-
rus. The induction of prophage lambda
can therefore serve as a test for DNA
damage. Even before the mechanism of
prophage development was understood
at a molecular level, lysogenic induc-
tion was applied in the pharmaceutical
industry to identify prospective antibi-
otics and antitumor drugs. When in-
duction tests were done with ordina-
ry strains of lysogenic E. coli, however,
they did not give a positive response
for such known carcinogens as ben-
zo[a]pyrene.

Patrice Moreau, Adriana Bailone and

are mutant bacteria that arose spontaneously without exposure to the
chemical. In the inductest (right) the tested chemical was aflatoxin
B, a potent carcinogen of the liver. The aflatoxin doses placed on the
four test disks were (clockwise from top right) 0, 20, 200 and 2,000
nanograms. In the background a few of the lysogenic E. coli tester
bacteria have spontaneously produced mature phage that have killed
the nearby indicator bacteria, producing plaques at random locations.



I therefore set out five years ago to reno-
vate the lambda-induction test to make
it capable of identifying all kinds of
DNA-damaging agents. We reasoned
that because the molecular mechanism
of lysogenic induction was understood
better than that of mutagenesis, a pro-
phage-induction test should provide
more insights than mutagenicity tests
could into the precise effect of chemical
carcinogens on DNA and should pro-
vide a supplementary tool for screening
as well.

Following Ames’s lead, we construct-
ed new tester bacteria that are perme-
able to chemicals and deficient in exci-
sion-repair enzymes, and we assayed
potential carcinogens in the presence
of a rat-liver metabolizing mixture. The
prophage-induction test, or inductest,
has turned out to discriminate effective-
ly between carcinogens and noncarcin-
ogens in our laboratory and in several
others.

he inductest has certain advantages

over mutagenicity tests. Mutations
can be scored only in bacteria that sur-
vive exposure to a chemical treatment
that is often toxic as well as mutagenic,
and no more than one bacterium out of
1,000 is likely to be detected as a histi-
dine revertant. In contrast, lysogenic in-
duction can be observed, when it takes
place, in the bulk of a cell population.
Prophage induction is a mass effect,
largely independent of whether or not
cells would survive the chemical treat-
ment; a cell that is induced to produce a
progeny of phage would die in any case.
The inductest can therefore continue to
give a positive response for a highly tox-
ic potential carcinogen at dose levels
that would kill the tester bacteria in a
mutagenicity test.

The fact that in the inductest most
cells undergo a dramatic change led us
to design a biochemical assay of lyso-
genic induction. Sankar Adhya, Max-
well E. Gottesman and Asis Das of the
National Cancer Institute in the U.S.
constructed a bacterial strain in which
the gene for the enzyme galactokinase is
hooked up to the lambda DNA in such a
way that the lambda repressor blocks
the synthesis of the enzyme. Alain Le-
vine, Moreau, Steven Sedgwick and I
demonstrated that when a DNA-dam-
aging chemical activates the RecA
protein in this strain, the repressor
is cleaved and galactokinase is synthe-
sized, and the amount of enzyme activi-
ty that can be detected reveals the extent
of DNA damage. This biochemical as-
say may be the shortest of the short-
term tests; it takes only half a day to test
for a potential carcinogen.

Moreau and I have also constructed
strains, containing a new form of pro-
phage lambda, in which one can identify
chemicals that induce mutagenesis with-
out damaging DNA. This lambda mu-
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DIRECT MUTATION is a result of DNA replication on a minor distortion of a DNA strand.
This diagram and the one below show the replication of only one strand of bacterial DNA
(blue) carrying a piece of viral DNA, prophage lambda (red), which is kept in a dormant state
by a repressor protein that blocks an operator region. The DNA strand is replicated by a
polymerizing complex (7). A negligible distortion of the bacterial DNA (2) does not obstruct
replication, but it does give rise to an error in replication, so that the newly formed DNA strand
(light blue) carries a mutation (3). The negligible distortion is not sensed as DNA damage, RecA
protein is not induced, repressor stays in place and prophage is replicated in dormant state (4, 5).
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INDIRECT MUTATION results from the events that follow DNA damage (), which blocks
DNA replication and produces an “SOS” signal (2). A large amount of RecA protein (orange)
is synthesized (3). The RecA somehow facilitates DNA replication on a damaged template, ap-
parently by temporarily modifying the polymerizing complex (4). This replication is highly
mutagenic not only at the lesion site but also elsewhere (5). Activated RecA cleaves the repres-
sor (4, right), freeing the operator region of the prophage DNA. The prophage is thereby in-
duced to form phage DNA (5), which in turn forms virus particles that burst out of bacterium.
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ENZYME-INDUCTION TEST is a biochemical counterpart of the
inductest. The gene, ga/K, for synthesis of galactokinase is hooked up
to prophage-lambda DNA in such a way that enzyme synthesis is

tatest, as we call it, reveals whether a
chemical gives rise to mutations directly
(that is, without causing DNA dam-
age and therefore without inducing pro-
phage) or indirectly (by damaging the
DNA and producing active virus).

Although neither the inductest nor the
lambda mutatest has yet been validated
as extensively as the Ames mutagenicity
test, the two appear to be valuable com-
plementary assays, in particular for de-
termining the nature of DNA damage
and for establishing a correlation be-
tween potency in producing DNA dam-
age in bacteria and potency in causing
cancer in mammals. Perhaps more im-
portant in the long run, a biological sys-
tem comprising both a cell and a dor-
mant virus should be a valuable tool for
analyzing the pathway of biochemical
changes, genetic or nongenetic (cleav-
age of repressor, for example), that are
triggered when cells are exposed to car-
cinogens.

Given that man is exposed to a flood
of chemicals, some of which surely
increase the risk of cancer, there is an
urgent need to identify potential carcin-
ogens and lower human exposure to
them to a level of negligible risk and
keep it there. In such an effort bacterial
tests can play a major role. In order to
ensure broad acceptance of uniform
standards, some investigators have
strongly favored the adoption of a sin-
gle, standardized mutagenicity test. Of-
ten, however, it is advisable to adapt a
screening effort to the particular physi-
cal and chemical properties of the sub-
stance that is under study. It would
therefore seem to be sensible to subject
each chemical to a battery of tests. Any
test has its foibles, which give rise to
false-negative or false-positive respon-
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ses. Several independent and comple-
mentary determinations of a chemical’s
DNA-damaging capacity can provide
a balanced and hence more compelling
assessment of carcinogenic risk.

The pronouncement that a particular
chemical is a potential carcinogen has
obvious social, economic and even po-
litical implications. The chemical may
present arisk to a very large population,
as was the case with the food additive
AF-2 in Japan. That situation was dealt
with rather easily: AF-2 could be re-
placed by an innocuous substitute. It
was dispensable, and so it was simply
banned from the market. Some chemi-
cal carcinogens cannot easily be dis-
pensed with and cannot be banned;
particular problems are raised by sub-
stances as different as cigarette smoke,
motor-vehicle exhaust fumes and anti-
tumor drugs. For most  indispensable
carcinogens it is clearly necessary to re-
duce human exposure to the safest lev-
els possible. That calls for the adoption
of a broadly accepted set of safety stan-
dards to be implemented by stringent
regulations.

We stand today, with regard to chemi-
cal carcinogens, about where we were
with regard to ionizing radiations three
decades ago. The advent of nuclear
power reactors made it necessary to pro-
tect workers in the industry from direct
sources of radiation and to protect ev-
eryone from exposure to radioactive
effluents and solid wastes. An interna-
tional agency sponsored by the United
Nations worked out a set of standards
and regulations designed to minimize
human exposure to various sources of
radiation. The regulations were broad-
ly accepted and implemented, and they
have stood the test of time. They should
provide a valuable reference for evolv-
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blocked by lambda repressor. When DNA is damaged, activated RecA
protein cleaves repressor. Liberated ga/K DNA (4) is transcribed
into messenger RNA (5), which is translated into galactokinase (6).

ing standards for chemical carcinogens.
The experts who set the standards for
radiation safety have proceeded from
two basic facts. One is that mankind is
exposed to a natural background of ra-
diations whose biological effect is not
perceptible (even though in principle
there is no threshold for the effects of
ionizing radiations). The other is that
biological damage is proportional to the
energy released within the living system
being considered, and that this linear
relation is more or less independent of
the particular source of radiation. The
experts assumed that for the known
sources an absorbed dose only a few
times higher than the dose delivered by
background radiation, and less than the
level that would cause a doubling of the
mutation rate in a mammalian popula-
tion, would constitute a negligible risk;
in general such doses were adopted as
being permissible for human exposure.
In the case of newly devised or new-
ly discovered radioactive materials for
which there were no accumulated ex-
perimental data, permissible values were
calculated on the basis of the linear rela-
tion between biological damage and the
energy released within the organism.

Since chemical pollution is worldwide,
an international committee of ex-
perts should propose protective regu-
lations for adoption by individual gov-
ernments. Some principles should gain
broad acceptance rather easily: for ex-
ample, all unnecessary potential carcin-
ogens should be banned. A list of carcin-
ogens that cannot be dispensed with but
to which exposure should be strictly lim-
ited will also have to be drawn up. It
may be difficult, however, to reach a
consensus on such a list and on the per-
missible environmental concentrations



of each chemical. One would like to be-
gin by defining permissible concentra-
tions of indispensable carcinogens in
relation to a “natural” background. The
trouble is that cultural differences, so-
cial habits and other factors have con-
siderably distorted notions of what is a
natural background level of negligible
risk. (For geographical, economic and
religious reasons the carcinogenic back-
ground is surely lower in Salt Lake City
than it is in New York.)

If a negligible-risk level can be agreed
on, the next step would be to estimate,
for each indispensable carcinogen, the
concentrations that should be allowed
for workers in the industry and (at a
much lower level) for the general popu-
lation. Can bacterial testshelp in setting
such levels? Yes, if there is proportion-
ality between potency in causing DNA
damage in bacteria and potency in caus-
ing cancer in mammals. Matthew S.
Meselson and Kenneth Russell of Har-
vard University have attempted to dem-
onstrate a direct relation between muta-
genic potency in the Salmonella test and
carcinogenic potency in laboratory ani-
mals. For 10 of the 14 known chemical
carcinogens they considered there was a
correlation.

The many exceptions to the rule of
correlation were to be expected because
in a mammal the extent of DNA dam-
age in a target cell depends on factors
(which may be different in bacteria)
such as the specific metabolism of car-
cinogens in the organ involved, the cells’
permeability to particular metabolites
and tendency to accumulate them and
the extent of residual DNA damage af-
ter the cellular repair mechanisms have
had their effect. Each of these variables
must be determined for each individu-
al carcinogen if one is to set valid levels
for human exposure. Each chemical—
in contrast to individual sources of ra-
diation—requires a thorough specific
study to determine its carcinogenic po-
tency. Bacterial tests have good indica-
tive value.

Even though establishing regulations
will be much more difficult for chemical
carcinogens than it was for radiations,
the regulations should be established
soon. It is wiser and safer to have safety
regulations than not to have them. A
large part of the human population con-
tracts cancer; one person in five dies of
it. It is important to determine the pre-
cise mechanism by which each DNA-
damaging agent acts on DNA, not only
to prevent cancer but also to develop
better ways of curing it. About half of
all the drugs administered in an effort
to arrest cancer are DNA-damaging
agents, and so a significant number of
people are being regularly exposed, for
therapeutic purposes, to such agents. By
establishing, through studies in bacte-
ria, the mechanism whereby antitumor
agents affect DNA, investigators may be
able to help design more drugs that are

effective in curing cancer without also
causing cancer.

Bacterial tests for potential carcino-
gens should help to answer two ques-
tions now being asked by industry,
government and people at large. What
chemicals are DNA-damaging agents?
How much of each—in our air, our wa-

ter and our food, in the products we
manufacture and consume—constitutes
a biological risk? These two questions
will be answered satisfactorily, how-
ever, only if a third question is asked:
What is the mechanism whereby each
chemical affects DNA? Only basic
knowledge can breed safety.
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DIRECT AND INDIRECT MUTAGENESIS can be distinguished from each other by the
mutatest, based on mechanisms diagrammed here. The repressor binds to a slightly modified

operator (Ia, 1b). A negligible alteration of oper:
tion (2a) that prevents further binding of the re

ator DNA (a) results, on replication, in a muta-
pressor (3a). The prophage develops into active

phage particles (4a) that are selectively revealed by strain-B indicator bacteria, which are not
sensitive to nonmutated phage; phage development independent of RecA-protein activation

reveals direct mutagenesis. DNA damage (1),

on the other hand, leads on replication (25, 3b)

to RecA-dependent indirect mutagenesis, which is detected with strain-B indicator bacteria.
The concomitant event, prophage induction (3b, 4b) resulting from activation of RecA, is de-
tected with indicator bacteria of strain 4, not with strain-B bacteria. Mutagenesis can be diag-
nosed as indirect when it occurs along with prophage induction: both are dependent on RecA.
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Progress toward a Tokamak
Fusion Reactor

Recent efforts to confine a superhot hydrogen plasma in a toroidal

“magnetic bottle” have yielded encouraging results. The feasibility

of this scheme for a fusion reactor should be known in a few years

he vision of a power-generating

fusion reactor based on the mag-

netic confinement of a plasma (a
hot gas of charged particles) inside a to-
roidal vacuum chamber emerged more
than a quarter of a century ago. That
vision is still very much in view, but it
has been colored by a good deal of ardu-
ous experience. In retrospect it is clear
that although the key theoretical aspects
of the problem were fairly well under-
stood at the outset, the experimental
difficulties were greatly underestimated.
By the mid-1960’s, after 15 years of in-
tensive research in several countries,
there was still no firm experimental ba-
sis for the extrapolation of any magnet-
ic-confinement scheme to the plasma
conditions regarded as being necessary
for a practical fusion reactor. On the
contrary, there were reasonable grounds
for concluding that no net output of
power from controlled fusion reactions
was likely to be achieved in the labora-
tory during the 20th century.

by Harold P. Furth

The short-term prospects of fusion re-
search improved dramatically toward
the end of the 1960’s, when investigators
at the I. V. Kurchatov Institute of Atom-
ic Energy in Moscow succeeded in get-
ting impressive results in experiments
conducted in a comparatively simple
toroidal magnetic-confinement device,
which they called a tokamak. Plasma
temperatures within an order of magni-
tude of those required for a toroidal fu-
sion reactor were achieved for the first
time in the Russians’ Model T-3 tok-
amak, along with plasma-confinement
properties that were somewhat mysteri-
ous but were at least mysteriously favor-
able. On the basis of the improved out-
look the world fusion-research effort
was stepped up significantly, and a ma-
jor part of the new work was commit-
ted to the exploration of the tokamak
scheme [see “The Tokamak Approach
in Fusion Research,” by Bruno Coppi
and Jan Rem; SCIENTIFIC AMERICAN,
July, 1972].

HISTORIC MILESTONES on the road to a practical fusion-power reactor based on the toka-
mak approach can be traced with the aid of the three-dimensional graph on the opposite page.
The black dots stand for the best experimental-tokamak performances to date, plotted in terms
of the three basic parameters of research on magnetically confined plasmas: temperature (T),
density (7) and confinement time (7). The earliest major achievement represented here, labeled
T-3, was recorded in 1969 in an experiment conducted in the Model T-3 tokamak at the I. V.
Kurchatov Institute of Atomic Energy in Moscow. The Alcator value, the high point of a series
of experiments carried out over the past few years at the Massachusetts Institute of Technolo-
gy, indicates the best confinement conditions attained so far in a tokamak that depends solely
on ohmic, or resistive, heating of the plasma. The best-performance record of the Princeton
Large Torus, or PLT, an intermediate-scale tokamak put into operation in 1976 at Princeton
University’s Plasma Physics Laboratory, is given twice, once for a test involving ohmic heating
alone (PLT-1) and again for a test involving ohmic heating plus auxiliary neutral-beam heating
(PLT-2). The white dots are estimates of the performance characteristics expected for two fu-
ture experimental devices, one of which, the Tokamak Fusion Test Reactor (TFTR), is current-
ly under construction at Princeton. The other white dot represents the projected performance
of the International Tokamak Reactor (INTOR), an even larger device now in the preliminary
design stage. The stack of parallel colored planes denotes successive order-of-magnitude in-
crements of the confinement parameter, a measure of the quality of plasma confinement ex-
pressed as the product of the density in particles per square centimeter times the confinement
time in seconds (or n7). The curved blue surface on top of the stack is a plot of the minimum
n7 value that must be surpassed to reach the ignition, or self-heating, regime in a plasma
consisting of deuterium and tritium: the two heavy isotopes of hydrogen. The white plane cut-
ting across all the other surfaces is the maximum plasma pressure (n7) that can be maintained
in a tokamak reactor. The INTOR device is expected to operate in the space between the
white plane and the blue curved surface and so to qualify as the first tokamak ignition reactor.
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During the past decade of research
on tokamaks of various types in the
U.S.S.R,, the U.S,, Europe, Japan and
elsewhere the performance parameters
of these experimental devices have ad-
vanced steadily, but serious doubts have
remained about the confinement prop-
erties that could be expected under con-
ditions resembling those of an actual re-
actor plasma. This issue was put to a
crucial test only recently when an exper-
iment in a scaled-up tokamak at Prince-
ton University’s Plasma Physics Labo-
ratory, called the Princeton Large To-
rus (PLT), achieved plasma conditions
close to those needed for a fusion reac-
tor. To the surprise and delight of the
experimenters no apparent deteriora-
tion of confinement was observed.

Plasma confinement, to be sure, is not
the only scientific issue that needs to be
resolved before an economic tokamak
fusion reactor can be built. At this point,
however, one can say for the first time in
the history of fusion research that there
is a substantial experimental basis for
the detailed physical description of such
areactor. The actual demonstration that
areactor of this type is scientifically fea-
sible awaits the completion, in the early
1980’s, of a new generation of very large
tokamak facilities, three of which are
currently under construction, one in the
U.S, one in Europe and one in Japan.
Beyond that critical step technological
challenges of the first magnitude must
still be overcome before a practical
power-generating fusion reactor can be
put into operation.

he easiest fusion reaction to achieve

in the laboratory brings together the
nuclei of the two heavy isotopes of
hydrogen: deuterium and tritium. Be-
fore these two positively charged nuclei
can fuse to become a helium nucleus
the electrostatic Coulomb repulsion be-
tween them must be overcome; hence an
initial investment must be made in the
nuclei’s relative kinetic energy, or ener-
gy of motion. In the case of a deuterium-
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DEUTERIUM NUCLEUS  TRITIUM NUCLEUS

HELIUM-4 NUCLEUS NEUTRON

FUSION REACTION between a deuterium nucleus and a tritium nucleus yields a helium nu-
cleus (an alpha particle), a neutron and 17.6 million electron volts (17.6 MeV) of energy. In
order for the two colliding nuclei to fuse they must be moving with a relative kinetic energy of
at least 10,000 electron volts (10 keV). A plasma consisting of charged particles moving with a
mean random energy of 15 keV per particle has an equivalent temperature of 10 keV, or ap-
proximately 116 million degrees Celsius. The gray balls are protons, the white balls neutrons.

tritium fusion reaction the minimum in-
vestment is about 10,000 electron volts
(10 keV). From the point of view of the
theorist dealing with the overall energet-
ics of the fusion process this investment
is quite modest, since the energy re-
leased by each fusion event is 17.6 mil-
lion electron volts (17.6 MeV). From the
point of view of the experimenter, how-
ever, the requirement is formidable: a
mean random energy of 15 keV per nu-
cleus is equivalent to a fuel temperature
of 10 keV, or about 116 million degrees
Celsius.

The confinement of matter at such
high temperatures is facilitated by the
dissociation of atoms into their elec-
trically charged constituents—electrons
and ions—at temperatures higher than
10,000 degrees C. Because charged par-
ticles tend to gyrate along magnetic-
field lines the resulting plasma can be
confined in a suitably shaped “magnet-
ic bottle.” The toroidal magnetic bottle
has the special advantage that charged
particles cannot escape from it simply
by moving along the lines of force in the
magnetic field. The principal alternative
approach to a fusion reactor based on
the magnetic confinement of a hot plas-
ma is the mirror machine, an open-end-
ed magnetic bottle. In addition there
are a variety of quite different “inertial
confinement” schemes, in which intense
beams of laser light or accelerated parti-
cles implode a small pellet of fuel. The
fuel then expands freely and its heavy
hydrogen nuclei fuse.

The most important figure of merit
for an experimental fusion reactor is the
ratio of the output power derived from
the fusion reactions to the input power
required to heat the plasma. This ratio,
called the energy-multiplication factor,
or the Q value, depends on the fraction
of the hot nuclei that are able to fuse
during the time it would take for the
plasma to lose its energy. Since fusion is
a binary process, the Qvalue turns out to
depend on the product of the energy-
confinement time of the plasma (mea-
sured in seconds) and the density of the
plasma (measured in particles per cubic
centimeter). For example, in a 10-keV
deuterium-tritium plasma with a nor-
mal distribution of particle energies the
requirement for “break even™ (a Qvalue
equal to 1) means that the product of
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the confinement time and the density, a
measure known as the confinement pa-
rameter, should exceed 6 X 1013, The Q
value of a plasma increases rapidly after
the confinement parameter exceeds the
break-even threshold, because some 20
percent of the energy released in fusion
reactions involving deuterium and triti-
um goes into the production of energetic
helium-4 nuclei (alpha particles), which
can be slowed down and retained in the
bulk plasma, thereby amplifying the
input power available for heating. As
the confinement parameter approaches
3 X 1014, the fusion reactions become
able to maintain the temperature of the
plasma without any input of heating
power. At that point the Q value be-
comes infinite, and the fuel can be said
to “ignite” in the conventional sense.

In striving to reach the prescribed
range of reactor-quality confinement,
fusion investigators have encountered
four main energy-loss processes that
must be kept under control: (1) macro-
scopic instabilities, that is, spontaneous
magnetohydrodynamic deformations of
the confining field that cause the plasma
to leak abruptly out of the magnetic bot-
tle; (2) microscopic instabilities, in effect
tiny stepwise leaks that allow the plasma
particles (and the heat) to diffuse gradu-
ally out of the plasma across the mag-
netic-field lines; (3) Coulomb scattering,
which disrupts the orbits of the gyrating
particles and gives rise to an irreducible
rate of diffusion, and (4) radiative cool-
ing of the plasma, mainly in the form
of ultraviolet radiation from impurity
ions. Progress in research on toroidal fu-
sion devices has been paced by a gradual
improvement in the understanding of
these four energy-loss processes and by
the development of effective techniques
for minimizing them.

f a plasma is to be confined in the

shape of a torus, the magnetic bottle
confining it cannot consist only of a to-
roidal magnetic field; in that case the
particle orbits would not close on them-
selves, and the particles would simply
drift out of the bottle across the magnet-
ic-field lines. There are several possible
solutions to the problem, including the
stellarator approach, which was devel-
oped originally by Lyman Spitzer, Jr.,
of Princeton. By far the simplest solu-
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tion, however, is provided by the toka-
mak approach. In this scheme, which
was proposed independently in the early
1950’s by Igor E. Tamm and Andrei D.
Sakharov in Moscow and by Spitzer in
Princeton, an electric current is induced
along the plasma column, flowing the
long way around the torus. The associat-
ed poloidal magnetic field (which has
lines of force going around the minor
cross section of the torus) gives rise to
helical field lines, which form a set of
nested magnetic surfaces. In this con-
figuration the charged particles have
closed orbits that do not depart from a
given magnetic surface by more than
their radius of gyration in the poloidal
field.

This localization of the particle orbits
is important in defining the irreducible
rate of particle diffusion resulting from
Coulomb scattering, which can cause
the particles to skip through the width of
an orbit from one magnetic surface to
another. For ions in the 10-keV range
the probability that two nuclei will fuse
rather than simply scatter off each other
is very small (about one part in 10 mil-
lion). In order to minimize the impor-
tance of this particular heat-diffusion
process as an obstacle to the achieve-
ment of net fusion power the minor ra-
dius of the plasma torus must therefore
be many times greater than the orbital
diameter of the particles. Because the
orbital diameter decreases with increas-
ing poloidal-field strength the crite-
rion for ignition (the achievement of
a confinement parameter greater than
3 X 1014) in a tokamak turns out to be
roughly equivalent to the requirement
that the toroidal current should exceed
four million amperes. As it happens, the
same minimum current of about four
million amperes is needed to localize the
orbits of the energetic alpha particles in
the plasma column, a precondition for
achieving ignition.

Although in a given tokamak the mi-
croscopic confinement of the plasma
particles improves at higher plasma cur-
rents, the macroscopic stability of the
plasma becomes increasingly precari-
ous. The plasma can suddenly deform
itself into a number of more or less heli-
cal twisted shapes called kink modes,
which are a little like the modes of me-
chanical buckling in the components of
a structure under extreme stress. The
unstable kinks in the tokamak plasma
tend to align themseives approximately
with the pitch of the helical magnetic-
field lines. As a result there is a simple
relation between the “safety factor” (a
measure of the helicity of the field lines)
and the shape of the plasma’s character-
istic kink modes. For example, a safety
factor of 1 lends itself to a kink that goes
once around the torus in the toroidal
direction every time it goes once around
it in the poloidal direction, correspond-
ing to a simple sideways displacement of
the plasma in the minor cross section of
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TOROIDAL PLASMA confined in a suitably designed magnetic bot-
tle has the special advantage that the charged particles cannot escape
from it simply by moving along the magnetic-field lines. A magnetic
configuration of this type, however, cannot consist only of a toroidal
magnetic field, since in that case the particle orbits would not close
on themselves and the particles would simply drift out of the plasma
across the magnetic-field lines (diagram at top). The tokamak solu-
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tion to the problem is to set up a poloidal magnetic field around the
minor cross section of the plasma torus by means of an electric cur-
rent induced along the plasma column. In combination with an exter-
nally applied toroidal magnetic field this arrangement results in heli-
cal field lines, which form a set of nested magnetic surfaces (diagram
at bottom). A particle traveling around the torus in this configura-
tion does not deviate significantly from a given magnetic surface.
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TWO TROUBLESOME KINKS can appear suddenly in a tokamak
plasma at high current densities, threatening the macroscopic stabili-
ty of the plasma. Since these magnetohydrodynamic deformations
are aligned approximately with the pitch of the helical magnetic-field
lines, there is a simple relation between the helicity of the field lines
and the shape of the plasma’s characteristic kink modes. The diagram
at the top shows a sideways kink, which goes once around the torus
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in the toroidal direction every time it goes once around it in the po-
loidal direction. The diagram at the bottom shows an elliptical kink,
which goes twice around the torus in the toroidal direction every time
it goes once around it in the poloidal direction. Higher-order kink
modes are possible, but the plasma tends to be more resistant to such
complex deformations. The sideways kink plays an important role in
maintaining size of current channel at center of a tokamak plasma.
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the torus (mode No. 1); a safety factor of
2 lends itself to a kink that goes twice
around the torus in the toroidal direc-
tion every time it goes once around it in
the poloidal direction, corresponding to
an elliptical deformation (mode No. 2);
a safety factor of 3 lends itself to a kink
that goes three times around the torus
in the toroidal direction every time it
goes once around it in the poloidal di-
rection, corresponding to a triangular
deformation (mode No. 3), and so on.

For typical tokamak currents one can
show theoretically that the higher the
safety factor (that is, the shallower the
pitch of the helical field lines), the higher
the mode number of the possible insta-
bilities and the more resistant the plas-
ma to deformation. It follows that the
smaller the current in the plasma, the
greater the macroscopic stability of the
plasma. The experimental behavior of
the plasma column in a variety of toka-
maks has been found to be in close
agreement with these and more detailed
predictions of magnetohydrodynamic
theory.

In short, the practical objective in tok-
amak research is to make the helicity of
the field lines as steep as possible, consis-
tent with good macroscopic stability, in
order to have as large a plasma current
as possible for good particle-orbit con-
finement. It follows that one must learn
to deal with the two kink modes that
have the lowest mode numbers: the side-
ways deformation and the elliptical one.
A field configuration that is stable at a
suitably low safety factor is not easy to
design theoretically. The tokamak plas-
ma, however, arrives automatically at a
working solution. Since the hottest part
of the current channel is the most con-
ductive, the current density rises slowly
near the magnetic axis of the torus until
the local value of the safety factor drops
below 1; as a result a sideways instabili-
ty sets in and broadens the current chan-
nel again. This periodic readjustment
mechanism is localized within the cen-
tral region of the plasma and need not
cause any net loss of hot plasma to the
wall of the vacuum chamber. The exis-
tence of a central region with a safety
factor smaller than 1 has the great ad-
vantage that for this type of magnetic-
field configuration the more trouble-
some outward-localized elliptical kink
mode cannot grow at all, even though
the safety factor equals 2 at larger radii.
The result is effectively stable overall
plasma confinement. It is precisely this
felicitous self-control mechanism of the
tokamak plasma that is responsible, in a
kind of Darwinian sense, for the emer-
gence of the tokamak as the preeminent
toroidal magnetic bottle.”

An additional benefit of the current
that flows through the tokamak plasma
is that it provides a way of giving energy
to the plasma electrons by convention-
al ohmic, or resistive, heating. In this
way electron temperatures in the kilo-

volt range are generated spontaneously
in tokamak discharges. The electrons in
turn collide with the ions and eventual-
ly reach a state of thermal equilibri-
um with them, to an extent that is de-
termined by the electron temperature
and the confinement parameter. In plas-
mas with a low confinement parameter
the temperature of the ions is typical-
ly much lower than the temperature of
the electrons, but as the confinement
parameter approaches the break-even
threshold the ion temperature and the
electron temperature tend to become
roughly equal.

he major tokamak breakthrough of

a decade ago was accomplished by
means of ohmic heating in the T-3 ex-
periment, which had been evolving at
the Kurchatov Institute since 1962 un-
der the leadership of the late Lev A. Art-
simovich. The T-3 device had a minor
radius of 15 centimeters, a major radi-
us of 100 centimeters, a toroidal-field
strength of 35,000 gauss and a typical
current of 100,000 amperes. In the proc-
ess of ohmic heating the temperature at
the center of the plasma column rose
above 1 keV for the first time in research
on toroidal fusion devices, and the ion
temperature reached about .5 keV. The
energy-confinement time was between
five and 10 milliseconds at a central den-
sity approaching 1014 particles per cubic
centimeter. Hence the confinement pa-
rameter for the T-3 was close to 1012—
still far from the reactor range but much
higher than it had been in any previous
fusion experiment.

Prior to the T-3 experiment typical
confinement parameters for toroidal de-
vices had been on the order of 1011 at
electron temperatures of about 100 elec-
tron volts. Moreover, the observed con-
finement times had borne no relation to
the advantageous type of confinement
the toroidal geometry was meant to pro-
vide but rather had appeared to follow
anomalous scaling laws that were in-
compatible with the attainment of fu-
sion conditions in a reactor that would
not be too big. The suspected reason for
the poor plasma confinement, which got
worse with rising temperature, was the
presence of various microinstabilities,
which in some cases could be observed
directly. The only comforting element
in the situation came from the prevail-
ing microinstability theory, which pre-
dicted that such large anomalous plas-
ma-transport rates would not be able to
maintain themselves at still higher tem-
peratures.

The new T-3 data vindicated this ex-
pectation. For the first time in such
experiments gross energy-confinement
times turned out to be reasonably close
to the values predicted by the Coulomb-
scattering theory of diffusion. The plas-
ma ions actually appeared to follow the
theoretical prediction quite closely, and
only the electrons were found to engage
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X-RAY OBSERVATIONS of an actual kink
instability at work in a tokamak plasma were
used to construct this computer-generated
three-dimensional display. The temperature
profiles in this case appear to wobble as they
build up to a peak before dropping precipi-
tously. The X-ray data were obtained during
a test run of the PLT device. The experiment
and the computer processing of the results
were done by Ned R. Sauthoff of Princeton.

in a residual form of anomalous trans-
port, with scaling laws that remained
somewhat uncertain but that appeared
to be compatible with a reasonably
small fusion reactor.

To progress from the T-3 results to
actual reactor conditions called for two
further improvements. The confinement
parameter had to be enhanced by about
two more orders of magnitude, and the
temperature had to be raised by one
order of magnitude. The most obvious
way to improve the confinement was to
proceed to a larger plasma, since for dif-
fusive heat-loss processes the energy-
confinement time scales upward as the
square of the minor radius of the plas-
ma. In a tokamak fusion reactor the
plasma is typically envisioned as having
a minor radius of a meter or two, which
is about 10 times larger than the minor
radius of the T-3 plasma. It follows that
the confinement time in a tokamak reac-
tor would be expected to be 100 times
longer than it was in the T-3 experiment,
provided the rate of diffusion did not
increase at higher temperatures. An al-
ternative way to improve the confine-
ment would be to increase the strength
of the magnetic field, but here the op-
tions are more limited because the maxi-
mum field strength compatible with su-
perconducting magnet coils is probably
no greater than 70,000 gauss. As for the
missing factor of 10 in plasma tempera-
ture, the obvious answer is to raise the
power of the plasma-heating supply, ei-
ther by additional ohmic heating or by
some auxiliary method.

For reactor purposes ohmic heating
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alone is problematic, since the resistivity
of a plasma falls off as an inverse func-
tion of the electron temperature, and the
current density falls off inversely with
increasing plasma size. As reactor con-
ditions are approached the power den-
sity delivered by ohmic heating tends
to diminish in proportion to competing
heat-loss processes (diffusion and radi-
ation). In a deuterium-tritium plasma
alpha-particle heating would ultimate-
ly come to the rescue, provided ohmic
heating could just push the plasma tem-
perature above 4 or 5 keV. This possibil-
ity has been examined intensively, but
the conclusion has been that there is
a real gap here, particularly if the ob-
jective is a power-generating tokamak
reactor rather than an experiment to
achieve and study ignition.

Of course, any plasma experiment
that even approaches ignition condi-
tions is of much scientificinterest. From
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the considerations outlined above it fol-
lows that the best prospect for advanc-
ing toward reactor conditions in a pure-
ly ohmic-heated tokamak lies in the di-
rection of using a very small plasma in
conjunction with the strongest possible
magnetic field. This idea is embodied
in the Alcator devices at the Massa-
chusetts Institute of Technology. The
plasma in the first of these tokamaks, Al-
cator A4, has a minor radius of 10 centi-
meters and a major radius of 54 cen-
timeters; Alcator 4 has been operated
at magnetic-field strengths as high as
85,000 gauss, attained with copper coils
of the Bitter design (named after Francis
Bitter of M.L.T.). In experiments done in
the past few years the ohmic-heating
power density in this device has been
sufficient to allow plasmas with a central
particle density exceeding 1015 electrons
per cubic centimeter to be heated to
temperatures approaching 1 keV (11.6

I

million degrees C.). The energy-confine-
ment time in these experiments has been
found to increase in proportion to the
particle density, an anomalous pattern
of behavior arising from the dominant
contribution of electron diffusion to the
heat-conduction process. The ions, on
the other hand, have been found to be-
have in accordance with the prediction
of the Coulomb-scattering theory of dif-
fusion. A maximum confinement pa-
rameter of 3 X 1013 was reached in
Alcator A4 under these conditions, rep-
resenting a substantial improvement
over earlier tokamak experiments. Re-
cently the even more powerful Alcator
C device has gone into operation.

hmic-heating experiments in the Al-
cators and other tokamaks of vari-
ous sizes and field strengths have pro-
vided a wealth of information about
the scaling of the energy-confinement
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TWO IMPORTANT ADVANCES in the design of tokamak fusion
experiments are incorporated in the test system shown in this illustra-
tion. The apparatus seen in cross section at the left is a neutral-beam
accelerator, an auxiliary plasma-heating source developed primarily
at the Oak Ridge National Laboratory and the Lawrence Berkeley
Laboratory. The energetic beam of neutral hydrogen atoms produced
by the accelerator is injected into the tokamak, passing freely through
the magnetic-field lines, whereupon the atoms are stripped of their
electrons by collisions with the plasma particles and retained in the
plasma as energetic positively charged ions. The tokamak seen in
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cross section at the right is equipped with a magnetic divertor, an ar-
rangement in which a magnetic-field separatrix is employed to pre-
vent impurity ions from entering the main plasma column, thereby
reducing the rate of radiative heat loss. The impurity ions stick to a
freshly deposited titanium film applied to the interior surfaces of the
two “burial chambers,” which accordingly act as a kind of pump. The
particular design illustrated is that of the Poloidal Divertor Experi-
ment, or PDX, device at Princeton, which can be operated in sever-
al different modes, giving the plasma either the squarish cross sec-
tion seen here or one of two roughly D-shaped cross sections (D or d).
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time characteristic of the tokamak re-
gime. It is not possible in such experi-
ments to vary certain key parameters
(such as the poloidal-field strength and
the temperature) independently, how-
ever, and so the scaling of the energy-
confinement time must remain indeter-
minate to some extent. Ohmic-heating
experiments by themselves cannot put
the theoretical predictions concerning
the tokamak plasma-confinement re-
gime to their ultimate test.

In order to determine exactly how
the energy-confinement time depends
on these key parameters, some form
of auxiliary plasma heating is needed.
There is another motive for proceed-
ing in this direction. The plasma par-
ticles in a tokamak reactor are expect-
ed to have very long mean free paths
(or low scattering probabilities) because
of their high temperature and compara-
tively low density. In this virtually colli-
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sionless regime, theory predicts that a
new family of microinstabilities, called
trapped-particle modes, could become
the dominant energy-loss mechanism of
a tokamak. In exploring plasmas with
high particle-collision rates (that is,
plasmas with a moderate temperature
and a high density) the ohmic-heating
experiments were able to achieve fairly
high confinement parameters, but they
left unanswered the question of how a
collisionless reactor regime would be-
have. The task of exploring the critical
high-temperature scaling of energy-con-
finement time calls for tokamak experi-
ments with intense auxiliary heating
sources. A number of such projects were
launched in the early 1970’s, and they
have recently begun to yield significant
results.

Before proceeding to the vicissitudes
of auxiliary tokamak heating it is timely
to bring up a question that has substan-
tial impact even in the ohmic-heating
phase: With so much heat flowing into
the plasma, where does it all go when it
flows back out? Heat transport radially
across the magnetic surfaces consists of
an outward flow of hotter plasma parti-
cles and an inward flow of colder ones.
At the edge of the plasma, which is de-
fined by the first magnetic surface that
intercepts any solid exterior structure,
there is a further flow of energetic par-
ticles along magnetic-field lines to the
intercepting structure. The resulting
concentration of particle bombardment
tends to cause sputtering or even melt-
ing of the solid structure, which results
in an influx of impurity ions into the
plasma. Traditionally the plasma has
therefore been bounded by special “lim-
iters,” heavy bars of a heat-resistant
metal such as tungsten or molybdenum.
Recent experiments have shown, how-
ever, that even a very small admixture
of tungsten ions (as little as .1 percent)
can give rise to a rate of heat loss by
radiative cooling that greatly diminishes
the energy confinement at the center of
the plasma. Overheating of the limiter
therefore tends to be self-curing, since
the plasma then switches from being
cooled by particle transport to being
cooled by impurity radiation. This kind
of remedy, however, is not conducive
to the achievement of a reactor plasma
with a high confinement parameter.

In the case of tokamaks with ohmic-
heated plasmas the problem of the inter-
action of the plasma and the limiter can
be solved in a straightforward manner,
particularly at high plasma densities.
The usual tokamak start-up procedure
is to produce an initial gas discharge
with a moderate density, which is then
built up gradually by means of a pulsed
input of hydrogen gas. The surface cool-
ing of the plasma due to the influx of
comparatively cold hydrogen gas tends
to protect the limiter and suppress the
influx of metallic impurities. If the plas-
ma has a substantial admixture of light
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impurity ions, such as oxygen and car-
bon, then radiation cooling at the sur-
face of the plasma becomes even more
effective. Indeed, the surface cooling in
poorly cleaned vacuum chambers can
easily become all too effective, with the
result that the gas-discharge channel
shrinks away from the limiter and con-
tinues to contract until it becomes gross-
ly unstable; in such a situation only low
plasma densities can be reached in sta-
ble operation.

In tokamaks with auxiliary plasma-
heating sources the problem of moder-
ating the heat outflow to the limiters be-
comes much worse, particularly if the
objective is to reach reactorlike condi-
tions in a large plasma. Even a planned
admixture of light impurity ions could
not result in enough radiative cooling to
carry off the heat outflow from a reactor
plasma without also diluting the hydro-
gen-ion component to an extent incom-
patible with the requirements of the
fusion-power balance. For reactor pur-
poses it may be necessary to use a mag-
netic divertor, an arrangement in which
a magnetic-field separatrix (a bounda-
ry line between two regions of different
magnetic-field-line topology) takes over
the role of the ordinary mechanical lim-
iter. An alternative approach to the re-
moval of a large input of auxiliary heat-
ing power is to create a high level of
heat transport in a cool “blanket” region
surrounding a hot, well-confined plas-
ma core.

The most effective method of deposit-
ing large amounts of heating power
in a tokamak plasma has turned out to
be the injection of intense beams of neu-
tral hydrogen atoms. In this approach,
which was developed during the 1960’s
for open-ended fusion devices, the neu-
tral atoms freely enter the magnetic bot-
tle and are then stripped of their elec-
trons by collisions and retained in the
plasma as energetic ions. The trapped
ions slow down gradually, transferring
energy to the plasma particles. The ap-
plication of this heating method to the
tokamak became practical in the early
1970’s, thanks to the development at the
Oak Ridge National Laboratory and the
Lawrence Berkeley Laboratory of high-
current, multiaperture ion sources capa-
ble of generating neutral beams in the
100-kilowatt range at energies of tens of
kilovolts.

Early in the 1970’s neutral beams
were applied in the ATC tokamak at
Princeton and the Ormak at Oak Ridge.
Increases in ion temperature of a few
hundred electron volts were detected
and were duly hailed as marking the
start of the new era of nonohmic toka-
mak heating. Unfortunately the plasma
electrons were generally cooled during
this heating process, apparently because
of the injection of impurity ions by the
impact of the beam particles on the lim-
iter and on the walls of the vacuum
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PRIMARY SHAPING-FIELD
OHMIC-HEATING WINDINGS

WINDINGS .

PORTS FOR ~ TOROIDAL-
NEUTRAL-BEAM FIELD
INJECTION PLASMA COILS

INTERNAL STRUCTURE OF THE PLT, at present one of the largest tokamaks in opera-
tion in the world, is exposed in this schematic cutaway drawing. The plasma torus inside the
PLT has a major radius of 130 centimeters and a minor radius of 45 centimeters. Experiments
currently being done in the PLT are designed to test various plasma-heating methods, includ-
ing ohmic heating, neutral-beam heating and microwave heating. A large number of diag-
nostic devices are normally installed on the tokamak to monitor the properties of the plasma.
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PLT RESULTS are presented in this three-dimensional computer plot of ion temperature as a
function of time and distance from the center of the plasma. The coiored region shows the du-
ration of the neutral-beam pulse. The peak value of approximately 6.5 keV corresponds to
an ion temperature of better than 75 million degrees C., a new record in tokamak research.

58

© 1979 SCIENTIFIC AMERICAN, INC

chamber. By 1977 half-megawatt pow-
ers were being injected, and ion tem-
peratures were being raised to the 2-
keV level in the Ormak and also in the
TFR device at Fontenay-aux-Roses in
France. The electrons, however, re-
mained reluctant. Small rises in elec-
tron temperature began to be seen, but
not distinctly enough to make possible
an assessment of the temperature de-
pendence of the energy confinement.

Meanwhile two new tokamaks, each
with a minor plasma radius of about 40
centimeters, had made their appearance:
the T-10 at the Kurchatov Institute, un-
der the direction of V. S. Strelkov, and
the PLT at Princeton, under the direc-
tion of Wolfgang Stodiek. In ohmic-
heated operation these giant tokamaks
suffered from the expected weakening
of power density associated with their
size, and they have both been limited to
maximum ion temperatures of about a
kilovolt and plasma densities of a little
more than 1014 particles per cubic cen-
timeter. The energy-confinement times
were found to scale up as the square of
the minor radius, as expected, and to
reach values of about 100 milliseconds,
but the associated confinement parame-
ters have barely risen above 1013, The
real advantage of large tokamaks has
turned out to be their accessibility for
high-powered external heat inputs.

In the fall of 1977 two neutral-beam
lines operating at an injection energy of
40 keV were brought into operation on
the PLT by a group headed by Harold P.
Eubank. These injectors, which repre-
sented the first installment of a set of
four developed and built at the Oak
Ridge facility for the PLT, were capable
of injecting a total of 1.1 megawatts of
neutral-beam power into the plasma. In
December the ion temperature in the
PLT rose to 2.2 keV—a new record by
a whisker—but the ions were clearly be-
ing held back by collisions with cooler
electrons resulting from severe radiative
losses to the ions of metallic impurities.
Under these conditions several impor-
tant findings were made on the spectros-
copy of highly ionized tungsten and
iron, but the opportunity for further
progress in ion temperature seemed lim-
ited, even with the injection of higher-
powered neutral beams.

Some exploratory runs were made
with graphite as the limiter material,
and they turned out to be promising.
Carbon sputters more readily than tung-
sten, but an admixture of carbon ions is
far less damaging to the energy balance
of the plasma because carbon becomes
fully ionized in the plasma’s interior and
radiates mainly from its cold edge. Ear-
ly last year the remaining two neutral-
beam lines were fitted to the PLT, and at
the same time a new set of water-cooled
graphite limiters was introduced. In July
two megawatts of neutral-beam power
was injected into the PLT, and the elec-
tron temperature finally responded, ris-



ing to 3.5 keV. Under these conditions
the ion temperature was able to climb to
5.5 keV. This peak ion temperature,
equivalent to more than 60 million de-
grees C., was substantially better than
had been hoped for and had a special
appeal to fusion workers: for the first
time a toroidal device had exceeded the
minimum ion temperature required for
ignition in a deuterium-tritium plasma.

The main scientific excitement, how-
ever, centered on the scaling of the
plasma confinement. A comparatively
low central plasma density of about
5 X 1013 particles per cubic centimeter
was used in the PLT heating experi-
ments, since the highest particle temper-
atures can be achieved when there are
fewer particles to share the input heat-
ing power. In this regime of high tem-
perature and low density the PLT plas-
ma for the first time reached a degree
of collisionlessness resembling that of a
tokamak reactor, without encountering
any observable deterioration in confine-
ment. The magnitude of the heat trans-
port by ions continued to be roughly
consistent with the predictions of the
Coulomb-scattering theory of diffusion,
rather than showing the marked en-
hancement that had been predicted by
the trapped-particle theory of microin-
stabilities. As a kind of consolation prize
for microinstability theorists the PLT
plasma did begin to show a new type of
high-frequency density fluctuation un-
der the highest-temperature conditions.
Detailed diagnosis of the fluctuation
may yet reveal that it is indeed of the
predicted type. The new phenomenon,
however, has had no measurable impact
on the actual plasma confinement; this
observation remains true even though
the ion temperature has meanwhile been
pushed to 6.5 keV (75 million degrees
C.), with 2.5 megawatts of injected neu-
tral-beam power.

The marked increase in electron tem-
perature produced by the nonohmic
neutral-beam heating in the PLT has
also made possible a first glimpse of the
true temperature dependence of the heat
transport by electrons. To a first approx-
imation there has been no departure of
the energy-confinement time for elec-
trons from the value prescribed by the
simple empirical scaling law observed
in tests on Alcator 4 and other ohmic-
heated tokamaks: confinement time is
proportional to the density multiplied
by the square of the minor radius of the
plasma. Closer inspection of the evolu-
tion of the electron-temperature profile
during neutral-beam heating, however,
has revealed the surprising and encour-
aging result that the heat transport by
electrons actually decreases in the hot-
test part of the plasma core while re-
maining about the same at the edge.
Now that the electron temperature of a
tokamak can be varied independently of
the poloidal magnetic field and the par-
ticle density of the plasma the establish-
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NEXT GENERATION OF TOKAMAKS is represented by this plan view of the TFTR sys-
tem, which is scheduled to go into operation at the Princeton laboratory in 1981. The vacuum
chamber of the TFTR will have a major radius of 265 centimeters and a minor radius of 110
centimeters. The TFTR will be the first magnetic fusion device to use a deuterium-tritium
fuel mixture and also the first such system capable of producing fusion energy in any signifi-
cant quantity. The estimated cost of the entire TFTR facility is on the order of $300 million.

ment of an explicit empirical scaling law
is in sight. With such a law it will begin
to be possible to make a choice among
theoretical heat-transport models.

How far is the PLT regime from
meeting the requirements of a full-
scale power-producing reactor? Since
the temperature domain of such a reac-
tor was entered in the PLT at the low-
density end of the operating range, the
confinement parameter was only about
1012, Higher neutral-beam powers and
injected-ion energies will be needed to
push up the plasma density and the
confinement time. Even within the pres-
ent PLT regime, however, the release
of fusion power is already substantial.
When deuterium plasmas and deuterium
beams are used, about 4 X 1013 fusion
events are produced per pulse. The deu-

© 1979 SCIENTIFIC AMERICAN, INC

terium-tritium reaction is not used in the
current series of plasma-physics experi-
ments, because the radiological safety
problems associated with handling triti-
um would needlessly complicate the ex-
perimental procedures. Instead one cal-
culates an equivalent deuterium-tritium
yield on the basis of the known fusion-
reaction rates, which are roughly 300
times greater for a deuterium-tritium
fuel mixture than for pure deuterium. In
the PLT the equivalent deuterium-triti-
um fusion power is about 50 kilowatts,
corresponding to a Q value of .02, a rec-
ord in fusion research to date.

The comparatively high Q value at-
tained in the PLT is attributable to the
nature of the heating method. Neutral-
beam heating introduces the input pow-
er in the most favorable way: it enhances
the high-energy “tail” of the ions’ ener-
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gy distribution, which is responsible for
most of the fusion reactivity. Because of
this special feature, the average ion en-
ergy at the center of the PLT plasma
with an ion temperature of 6.5 keV is
actually about 13 keV (counting the in-
jected deuterium ions), and the fusion
yield is about 100 times greater than it is
when a nonreactive hydrogen beam is
used for heating.

From the perspective of the 1950,
when plasma temperatures of less than
100 electron volts and confinement pa-
rameters of 1010 were typical, such nu-
ances of reactor design as the degree
of departure from a normal bell-shaped
energy-distribution curve did not loom
very large. The goal was simply to ex-
ceed the magic combination of a 10-keV
temperature with a confinement param-
eter of 6 X 1013, a threshold commonly
known as the Lawson criterion for deu-
terium-tritium plasmas (after the British
physicist J. D. Lawson). Now that actual
experiments are about to enter the reac-
tor regime the outlook haschanged, and
the fine points of the toroidal-reactor
objective are beginning to have impor-
tant consequences in terms of hardware
and cost.

The basic plan of all deuterium-triti-
um reactors is roughly the same. About
80 percent of the fusion power would
emerge from the plasma in the form of
14-MeV neutrons and would be cap-
tured as heat in a lithium blanket, which
would also serve to “breed” the tritium
supply for the plasma. The neutron-gen-
erated heat, together with the outflow
of heat from the plasma itself, would
then be converted into electric power

by a conventional steam cycle. Anoth-
er common design feature is that the
magnet coils of the reactor would have
to be superconducting, since the power
consumption of ordinary copper coils
would be expected to exceed the capaci-
ty of the reactor for generating electric
power.

The individual distinctions among the
various designs for a deuterium-triti-
um reactor relate largely to features of
the plasma itself. In toroidal reactors
there is a hierarchy of possible operat-
ing modes, rated in order of ascending
Q values. The particles in the most easi-
ly achievable regimes have special ener-
gy distributions that are comparatively
rich in energetic ions. In this case Q val-
ues as large as 2 or 3 should be achiev-
able at confinement parameters as low
as 1013, Unfortunately there is a great
economic disadvantage in having a re-
actor withsuch a low Q value: a substan-
tial part of the output of electric power
would have to be recirculated to keep
the plasma hot, and extremely high sys-
tem efficiencies would be needed to pro-
duce net power. The ultimately attrac-
tive solution is clearly a reactor oper-
ating with an ignited or nearly ignited
regime, where most of the plasma heat-
ing would be done by the alpha particles
produced in the deuterium-tritium reac-
tion. In this case the plasma particles
would tend to be well distributed in
energy by Coulomb collisions, and the
confinement parameter would have to
reach about 3 X 1014, Since the energy-
confinement time is expected to scale up
as the square of the minor radius of the
plasma, this means that the anticipated

NEXT GENERATION OF PROBLEMS in tokamak research is expected to include a new
class of macroscopic instabilities called ballooning interchange modes, one of which is illustrat-
ed here. In experiments with a high ratio of kinetic plasma pressure to magnetic-field pressure
the plasma may have a tendency to squeeze out between the field lines of the magnetic bottle
while deforming them slightly. The result in this case would be a ripple effect around the out-
side surface of the plasma torus, aligned approximately with the pitch of magnetic-field lines.
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minimum size for an ignited tokamak
plasma tends to be several times larger
than that for a tokamak plasma with a
low Q value.

he attainment of Q values somewhat

greater than 1 is a realistic prospect
for the next generation of tokamak ex-
periments. Two of the large tokamaks
currently under construction will be ca-
pable of demonstrating this type of op-
eration on a short-pulse basis in actu-
al deuterium-tritium plasmas. The de-
vices, the Tokamak Fusion Test Reactor
(TFTR) at Princeton, which is sched-
uled for completion in late 1981, and
the Joint European Torus (JET) at Cul-
ham in England, scheduled for 1982,
will have plasma currents of about three
million amperes, neutral-beam heating
powers of tens of megawatts and expect-
ed fusion-generated output powers of
between 10 and 100 megawatts. The mi-
nor radius of the plasma in the TFTR
andthe JET will be respectively two and
three times larger than the minor radius
of the plasma in the PLT; it is estimated
that the cost of each of the new facilities
will be on the order of $300 million.

In principle one could seek to progress
“straightforwardly” from these next-
generation experiments to a high-duty-
cycle power-producing ignition reactor
in the 100- to 1,000-megawatt range by
increasing the size of the plasma and
adding a lithium blanket and supercon-
ducting magnet coils. The estimated
cost of such a step, however, is about $1
billion. Moreover, many substantial sci-
entific and technical problems remain to
be solved. In order to address these
problems with maximum effectiveness
the leading contributors to the world fu-
sion effort—the U.S,, the U.S.S.R., West-
ern Europe and Japan—have recently
formed a joint study group called IN-
TOR (for International Tokamak Re-
actor) under the auspices of the Inter-
national Atomic Energy Agency in
Vienna. Within the U.S. fusion pro-
gram there is an analogous design effort
named ETF (Engineering Test Facility),
which is centered at Oak Ridge. These
studies are expected to generate well-
considered preliminary designs of a tok-
amak ignition reactor to be completed
in the early 1990’s, as well as program-
matic outlines of the research-and-de-
velopment tasks that remain to be ad-
dressed by existing facilities.

Under the latter heading a key topic is
the maximizing of the kinetic pressure
of the tokamak plasma with respect to
the magnetic-field pressure. The attain-
able pressure ratio, a parameter called
the beta value of the plasma, is expected
to be limited by a class of macroscop-
ic magnetohydrodynamic instabilities
called ballooning interchange modes,
wherein the plasma squeezes out be-
tween the field lines of the magnetic bot-
tle while deforming them slightly [see
illustration at left]. The smaller the beta



value is, the less the plasma is able to
deform the magnetic field and the more
reliable is the plasma confinement. On
the other hand, the larger the beta val-
ue, the higher the plasma density at a
given temperature, the higher the con-
finement parameter and the greater the
projected fusion-power production for
a plasma of given size.

At present there is an intensive theo-
retical effort, using some of the world’s
largest computers, to design the opti-
mum tokamak geometry and to esti-
mate the maximum attainable beta val-
ue. Present theoretical estimates of the
beta value range from 3 to 10 percent,
which should be generally adequate for
areactor, but much depends on whether
the upper or the lower end of the range
turns out to be applicable. Current ex-
periments have yet to employ sufficient-
ly intense auxiliary heating for beta val-
ues higher than 2 percent to be reached;
accordingly no pressure-driven instabil-
ities have yet been encountered. The
first significant news on this topic is like-
ly to come during the next two years
from the ISX tokamak at Oak Ridge, the
PDX at Princeton and the Doublet III at
the General Atomic Company laborato-
ry in San Diego, all of which will use
high-power neutral-beam injection to
determine the beta values of tokamaks
with variously shaped minor cross sec-
tions. The favorite at present is an elon-
gated D-shaped cross section, but the
real winner and the magnitude of its
beta value are yet to be established.

A second question that has far-reach-
ing significance for reactor design con-
cerns the best method of controlling
impurities. The magnetic-divertor ap-
proach, which is about to be tested in the
PDX device, appears to be a good pros-
pect, but it would contribute significant-
ly to the overall size of the reactor. The
outlook will be clarified in 1982 by the
start of operations on the JT-60, a Japa-
nese tokamak project on the scale of the
TFTR and JET devices; the JT-60 will
not burn a deuterium-tritium fuel mix-
ture, but unlike the other two giants it
will have a magnetic-divertor system.

The problem of maintaining a desir-
able plasma composition is expected to
become particularly severe as tokamak
experiments progress from the typical
current duty cycle of about a one-sec-
ond pulse every 10 minutes to pulses
lasting for 10 minutes or more separated
by much briefer intervals. In order to
explore the high-duty-cycle regime a
new generation of tokamaks with super-
conducting magnet coils will be needed.
The first important step in this direction
is being taken by the Russians with their
T-15 device, which will be put into oper-
ation at the Kurchatov Institute in 1983.
Still another avenue of technical ad-
vance that will affect the destiny of tok-
amak reactors is the development of
plasma-heating methods simpler than
neutral-beam injection. In particular,

microwave plasma heating holds much
technological promise and is being ex-
plored on a wide front by current toka-
mak experiments.

he remarkable growth and cumula-

tive success of the tokamak ap-
proach to fusion would have grati-
fied Congressional committees that re-
viewed fusion research in the 1960’s.
They sought to sharpen the focus of the
research so that less promising alterna-
tives could be abandoned. Now that a
sharper focus has been achieved a new
concern has arisen: Should one partic-
ular solution be chosen before others
have even had a critical test? A tokamak
reactor seems likely enough to work, but
its cumbersome size and complex geom-
etry may ultimately limit its economic
attractiveness in competition with mir-
ror machines, inertial reactors and an
entire spectrum of other approaches
that seem to be ordered in terms of in-
creasingly interesting economic poten-
tial and diminishing technical evidence.

Although this line of reasoning has a
somewhat paradoxical flavor, it makes a
basically valid point. The abundance of
technological alternatives in fusion re-
search represents a valuable resource,
which should be cultivated more vigor-
ously than ever during the period when
the first experimental fusion reactors go
into actual operation. Although the tok-
amak is considered the best prospect
as the first reactor, other configurations
that now seem fanciful may ultimately
take over the fusion industry. In the very
long run there are many possibilities for
further evolution.

The emergence early in the next cen-
tury of an energy economy based on
tokamak fusionreactors burning adeute-
rium-tritium fuel mixture would allow
the nuclear-power approach to the ener-
gy problem to realize a large advance in
environmental attractiveness and pre-
sumably in public acceptance. A deute-
rium-tritium reactor would be incapa-
ble of arunaway reaction, it would have
little afterheat from radioactivity and it
would produce radioactive wastes with
a substantially reduced hazard potential
and lifetime. Within the first century
or two of commercial fusion power it
seems likely, however, that the deuteri-
um-tritium reaction would itself be re-
placed by fusion processes that are more
difficult to achieve but have even more
desirable environmental features: first
the deuterium-deuterium reaction and
finally one of the more exotic fusion re-
actions, particularly one that releases its
heat entirely in the form of charged par-
ticles rather than neutrons. The prospect
of adapting fusion power ferfectly to
the needs of society and the environ-
ment does not appear to be limited by
any narrow physical constraints, only by
the incompleteness of scientific knowl-
edge and the limits of technological
imagination.
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ALCATOR C
(120,000 GAUSS)

DOUBLET Il
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TFTR
(50,000 GAUSS)

1 METER T3
1 (35,000 GAUSS)

PLT
(35,000 GAUSS)

INTOR
(50,000 GAUSS)

MINOR CROSS SECTIONS of a variety of
tokamak plasmas, ranging from the T-3 to
INTOR, are drawn to the same scale in this il-
lustration. The strength of the toroidal mag-
netic field is also indicated for each device.
The PDX (shown here in its squarish incarna-
tion) and the Doublet III tokamak at the Gen-
eral Atomic Company are designed to use high-
power neutral-beam injection to investigate
pressure-driven instabilities in tokamaks with
variously shaped minor cross sections. The
elongated D shape shown here is currently
favored for the INTOR minor cross section.
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A Pre-Neolithic Farmers’ Village
on the Euphrates

The Neolithic period is traditionally associated with the emergence

of agriculture. At a site in Syria, however, some of the first villagers

practiced farming, along with hunting and gathering, even earlier

he stage in human prehistory

when man first adopted an agri-

cultural economy is of fundamen-
tal interest to archaeologists because it
represents the watershed between the
hunter-gatherer existence of our ances-
tors of the Paleolithic period, or Old
Stone Age, and the first civilized way
of life. For generations scholars have
scoured southwestern Asia in an at-
tempt to find out just where and when
agriculture began. The pace of explora-
tion and excavation has greatly acceler-
ated in the past 30 years, but archaeolo-
gists are now less concerned with where
and when an agricultural way of life de-
veloped in the region than with how and
why. Recent analysis of work at a site in
the Euphrates valley of northern Syria
has produced data that suggest answers
to these last two questions.

The part of southwestern Asia with
the largest number of known and exca-
vated sites of Mesolithic (immediately
following the Paleolithic) and Neolithic
age is the area traditionally known as
the Levant. Today the area is shared by
the modern states of Syria, Lebanon,
Jordan and Israel. The site of the work I
shall describe is in northern Syria. By far
the largest early Neolithic site anywhere
in the Levant, it is a tell: a large mound
consisting of the debris of millenni-
ums of human occupation. The mound,
known as Tell Abu Hureyra, was des-
tined to be flooded when the water of the
Euphrates was impounded by a new
dam being constructed a few kilometers
downstream at Tabgqa. I first saw the
mound in March, 1971, three years be-
fore it was scheduled to disappear, and
was immediately impressed by its size
and potential for investigation.

It was obvious that the thick deposit
of debris, measuring up to eight meters
in height over an area of 11.5 hectares
(some 28 acres), must have been built up
over a long period. There was thus every
hope that excavations at Abu Hureyra
would provide abundant evidence on

62

by Andrew M. T. Moore

the beginnings of settled life on this east-
ern frontier of the Levant, where today
only an annual 200 millimeters of rain
falls on what is mainly an arid steppe.

The surface of the mound was cov-
ered by a dense scatter of flint tools and
waste similar in type to material that
had been excavated some years earli-
er at the Neolithic site of Bugqras, far-
ther down the Euphrates, by Henri de
Contenson of the French National Cen-
ter for Scientific Research (C.N.R.S.).
Bugras was dated to about 6000 B.c.
(All the dates I shall give here are based
on carbon-14 determinations calculated
according to the half-life of that radio-
active isotope but without calibration.)
This places Bugras toward the middle of
Neolithic times in the Levant, where the
New Stone Age began about 8500 B.c.
and continued in most of the region until
as late as 4000 to 3500 B.c. If artifacts
like those at Buqras were on the surface
at Abu Hureyra, one could expect to
find below the surface remains from the
archaic, or earliest, Neolithic, and per-
haps below them remains from the pre-
ceding Mesolithic, which here began
some 20,000 years ago and continued
until about 8500 B.c.

My colleagues and I began work at
Abu Hureyra in 1972 under the
sponsorship of the Pitt Rivers Museum
of the University of Oxford and with the
support of a number of other institu-
tions both in the United Kingdom and
in North America. By the end of the
first season’s excavations our optimistic
expectation had been fulfilled. Below
the levels of archaic and developed Ne-
olithic occupation, dating from about
7500 B.C. to some time after 6000 B.cC.,
appeared evidence of a Mesolithic occu-
pation at the site that had lasted for sev-
eral centuries in the late 10th and early
ninth millenniums B.C. Another sea-
son in 1973 saw completion of work at
the site, and the great mound was sub-
merged on schedule early in 1974, leav-
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ing our group with an immense stockpile
of artifacts and animal and plant re-
mains for later examination. Only now,
as analysis of the material progresses,
is the full significance of the excavation
being realized in terms of the transition
from a hunting-gathering way of life to
a farming one.

he Mesolithic occupation zone at

Abu Hureyra is at the northern end
of the mound on the edge of the Euphra-
tes floodplain. It consists of a simple vil-
lage settlement: a series of pit dwellings
and other hollows dug into the original
ground surface underlying the tell. Each
pit dwelling had a framework of upright
wood posts; the roofs, of which no trace
remains, were probably made of reeds.
The pits and hollows had gradually been
buried under occupation debris, which
had accumulated to a depth of about a
meter. Along with the debris were many
of the artifacts the Mesolithic occupants
had used.

Prominent among the artifacts were
stone pestles, rubbing stones and milling
stones. Many of them were stained with
red ocher, evidence that they had been
used for crushing this decorative pig-
ment into powder. The presence of the
milling implements in the pit dwellings
and hollows suggests that they were also
used to process plant foods.

The artifacts found in the greatest
numbers were flint tools of two types.
Many are so small that they are termed
microliths, but a number are heavier
flint objects. Also present are immense
quantities of waste flint.

By far the commonest of the microl-
iths are small crescent-shaped blades
known as lunates; these bladelets could
have been set into wood hafts to serve as
barbs for an arrow, the cutting edge of a
knife or (as is known to be the case else-
where in the Levant) teeth for a sickle.
Other microlith shapes include bladelets
blunted along one edge and bladelets
chipped to form tiny points for boring



holes. Most of the larger stone tools are
either hammerstones or scrapers made
from sizable flakes of flint. The artisans
of this Mesolithic phase also laborious-
ly fashioned dishes of stone other than
flint and made notches in the sides of
pebbles, possibly to fit them for use as
weights for fish nets.

Tools made of bone were also found
in abundance. Most of the bone tools
are heavy-duty boring points; other

bone artifacts include spatulas, needles
and double-end points that may have
been arrow tips. Among the artifacts of
a decorative character were bone beads
and pendants, together with beads and
pendants made of shell and stone.

he artifacts associated with the
Mesolithic village at Abu Hureyra
are typical of the later stage of this peri-
od elsewhere in the Levant, roughly con-

temporary with such sites of the Natufi-
an culture in Palestine as Mugharet el
Wad, Eynan and Hayonim. During the
later Mesolithic period the human pop-
ulation of the Levant was considerably
larger than it had been during the pre-
ceding several thousand years. The in-
crease in population appears to have
been in response to a marked improve-
ment in the environment. Where the
earlier stage had been characterized by

TWO OCCUPATION LEVELS at Tell Abu Hureyra appear in this
photograph of a test excavation at the northern end of the 28-acre
mound. The rectangular mud-brick walls of the dwellings of the ar-
chaic Neolithic villagers who settled at the Euphrates River site in
about 7500 B.c. are visible at the top. Buried under this Neolithic vil-
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lage until it was exposed by the excavators was a cluster of pit dwell-
ings and work hollows used by sedentary hunter-gatherers of the later
Mesolithic period until about 8500 B.C. They evidently raised grain.
Postholes around the pits held supports for walls and roofs proba-
bly made of reeds. The small holes were made by burrowing rodents.
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ANCIENT LEVANT, an area now shared by the modern states of that has the largest number of excavated Mesolithic and Neolithic
Israel, Lebanon, Syria and Jordan, is the part of southwestern Asia sites. Tell Abu Hureyra (triangle) was flooded by damming in 1974.

VILLAGE MOUND stands on a low terrace south of the floodplain stream during archaic Neolithic times that could have been tapped
of the Euphrates. Wadi Hibna, now dry, may have been a perennial for irrigation. The contour numbers indicate meters above sea level.
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cool, dry conditions, the later stage and
the following Neolithic period saw a
gradual rise in temperature and an in-
crease in rainfall.

The consequence for the Levant was
an eastward expansion of the zone of
Mediterranean forest that had formerly
been confined to the coastal mountains
of the region. This wooded zone ulti-
mately reached the edge of the interior
plateau. The steppe east and south of the
enlarged forest area was separated from
the forest proper by an intermediate
zone of open woods. During the period
of increasingly warm and wet weather
the steppe itself became richer in plant
and animal species. As a result the inter-
mediate zone between full forest and
steppe came to offer particularly attrac-
tive opportunities that human popu-
lations on the threshold of agriculture
were free to exploit.

Abu Hureyra, situated on the edge of
the steppe, seems to have been one of a
number of settlements that came into
being as a result of the improvement in
the environment. The process is predict-
able. The greater rainfall would have
brought with it a greater abundance of
vegetation, which for small groups of
Mesolithic hunter-gatherers would have
been a factor of prime importance. To-
day we would say that the more abun-
dant vegetation was able to support a
larger biomass; indeed, this is attested to
by the demonstrable growth in the hu-
man population. Evidently some of the
hunting-gathering groups began to coa-
lesce and set up a sedentary, or at least
semisedentary, way of life. The concen-
tration of such enlarged groups at sites
such as Abu Hureyra in itself creat-
ed new circumstances, for example rich-
er social relations. It became advan-
tageous under these circumstances to
develop new strategies of subsistence
in support of the novel sedentary exis-
tence.

Such, at least, seemed a plausible hy-
pothesis to account for the Mesolithic
village we discovered at Abu Hureyra.
To test the hypothesis the excavators
took pains to recover as much evidence
on the economy of the settlement as pos-
sible. This called for excavation tech-
niques rarely used before in the Levant.
First, working with fine-mesh screens
the excavators sieved all the soil they
had removed from the dig. The dry-
sieve technique recovered large quanti-
ties of animal bone, more than two tons
in all. Second, a flotation method was
applied to separate fine plant materi-
als from the sieved soil. Two flotation
machines, designed at the University
of Cambridge, systematically recovered
about 1,000 liters of plant remains from
the various levels of the excavation.

Examination of these plant remains,
undertaken by Gordon Hillman of the
University of Wales, shows that the
Mesolithic inhabitants of Abu Hureyra

FLOTATION MACHINE designed at the University of Cambridge was one of two machines
used by the excavators at Abu Hureyra to recover some 1,000 liters of plant remains from
various site levels. Tbe Mesolithic levels held three kinds of cereal grain: wheat, rye and barley.

collected, if they did not actually culti-
vate, various pulses, including a wild
type of lentil. They also gathered tiny
nuts from the turpentine tree (a relative
of the pistachio), fruits from hackberry
shrubs (plants of the elm family), caper
berries and the seeds of wild feather
grasses. What came as an exciting and
significant surprise was Hillman’s dis-
covery of cereal grains. The most nu-
merous of them are grains of a primitive
wheat: wild einkorn. Two other cereals
are present in less abundance: wild rye
and wild barley. Because the cultivation
of cereal grains is one of the earliest
landmarks of the Neolithic revolution
the discovery of three kinds of cereal in
the Mesolithic levels at Abu Hureyra
raised a crucial question. Were any of
the three (and perhaps also the pulses)
already being cultivated, or were they
too only being collected from the wild?

n considering this question one must
first note that neither einkorn wheat
nor the other two cereals are found in
the wild form anywhere near Abu Hu-
reyra today; the area is too arid. Given
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the cooler and more humid conditions
of the later Mesolithic, however, they
might have grown there in the past. This
raises another question. Does the fact
that the cereal grains recovered from the
Mesolithic village at Abu Hureyra are
morphologically wild types mean they
could not have been cultivated? Not
necessarily.

Hillman made use of stands of wild
einkorn growing in the Munzur Moun-
tains of eastern Turkey to experiment
with various methods of harvesting and
with patterns of crop rotation. These
experiments were undertaken to deter-
mine whether selection pressures favor-
ing mutation from the wild state might
operate under such conditions. His con-
clusion is that as long as the cultiva-
tion methods appropriate to simple hus-
bandry were followed the morphology
of wild einkorn would remain unaltered
even over long periods. Only after un-
usual cultivation techniques have been
applied for many hundreds of years,
Hillman asserts, do mutations from the
wild to the domestic state appear.

There is evidence suggesting that the
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MESOLITHIC ARTIFACTS include basalt milling stones (a) and
rubbers (b) and notched pebbles, possibly net weights (c). Among the
chipped-flint microliths, lunates (d) were the most abundant; micro-

inhabitants of Abu Hureyra practiced
just such simple methods. For example,
the cultivation of cereal grains, even on
a small scale, should have disturbed the
natural vegetation in the vicinity. This
means that the same weed plants char-
acteristic of cultivated areas near the
site today should be present in the flota-
tion samples from the Mesolithic levels
at the site. It is possible, of course, that
tramping of the ground by the Mesolith-
ic inhabitants, or even by their animals,
might have opened the way for these
same weeds. Be that as it may, the flota-
tion samples show that three such mod-
ern weeds (Atriplex, one of the steppe-
growing members of the goosefoot fam-
ily, Alyssum, a member of the mustard
family that is an ornamental plant to-
day, and Lithospermum, a member of the
borage family) grew close enough to
Abu Hureyra in later Mesolithic times
to leave their seeds in the excavated soil.

On balance, then, it seems highly like-
ly that the inhabitants of later Mesolith-
ic Abu Hureyra were cultivating three
cereal grains (and perhaps also some
pulses). This conclusion is strengthened
by the similarity between the environ-
ment of Abu Hureyra, with much poten-
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tially arable land in the vicinity, and
the environment of other sites of the lat-
er Mesolithic in the Levant: Dibsi Faraj
East and Mureybat, sites in the Euphra-
tes valley discovered during the same
salvage campaign that saw the excava-
tion of Abu Hureyra, Saaideh in Leba-
non and Jericho in Palestine. Sites of the
earlier Mesolithic only are not associat-
ed with arable land.

A second kind of similarity further
strengthens the conclusion that simple
husbandry was under way at Abu Hu-
reyra. At least four tells in the Levant
that were the sites of flourishing Neo-
lithic agricultural communities have
yielded evidence of habitation in later
Mesolithic times. Three of them were
adjacent to potentially arable land: Jer-
icho, Mureybat and Abu Hureyra.

To turn from the plant remains at
Abu Hureyra to the animal remains,
Anthony J. Legge of the University of
London is in the process of analyzing
the two tons of animal bones from the
site. His findings show that the inhabi-
tants killed species of game ranging in
size from the rabbit to the onager, the
wild ass of the Levant. The most popu-
lar food animal was the gazelle, but on-
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borers (¢) ranked next. Bone tools include double-end points (f), pos-
sibly points for arrows, and many borers (g). Milling stones were cer-
tainly used to grind ocher and perhaps also to process plant foods.

agers, sheep and goats were also killed
regularly. The presence among the
bones of freshwater-mussel shells and
fish vertebrae shows that the Mesolithic
population of Abu Hureyra exploited
another source of food: the Euphrates.
In summary, the evidence suggests
that in later Mesolithic times the inhabi-
tants of Abu Hureyra were already cul-
tivating cereal grains. (Their contempo-
raries at some other Levant sites were
probably doing so too.) They also con-
sumed many plant and animal foods
gathered in the wild. Hence the basic
Mesolithic tradition of hunting and
gathering had here (and to some extent
elsewhere) been combined with simple
husbandry. The opportunity for such a
practice was present in the form of po-
tentially arable land. The motive may
well have been to provide the subsist-
ence necessary for a new kind of life,
namely the settlement of an increased
population in sizable villages.

Midway through the ninth millenni-
um B.C., after several centuries of
occupation, the Mesolithic village at
Abu Hureyra was abandoned for rea-
sons unknown. The site remained va-
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NEOLITHIC ARTIFACTS include points for arrows (a), some sick-
le blades (b), reamers (c) and borers (d), some made of imported obsid-
ian, and many scrapers (e-g). Bone objects include a hook-and-eye

cant for about 1,000 years before a new
settlement appeared in archaic Neolith-
ic times. By then agriculture was widely
practiced both in the Levant and else-
where in southwestern Asia and seden-
tary settlements were no novelty. Never-
theless, once Abu Hureyra was reoccu-
pied (in about 7500 B.C.) it soon came to
be the largest of all the archaic Neolithic
settlements in the Levant. Thousands of
people lived on the great tell.

The implications of so many people
occupying a space of less than 30 acres
are many. For one, the social relations
of the inhabitants of the tell must have
been considerably more complex than
those in the preceding Mesolithic peri-
od; indeed, they must have been more
complex than the social relations that
have been assumed for early Neolithic
societies. For another, regulating the af-
fairs of such a settlement would have
called for an effective form of commu-
nal organization. Hence one may infer
the emergence even at this early date of
social and political systems that in a
more developed form were to become
the essential features of the early city
states of southwestern Asia, both in the
Levant and in Mesopotamia.

=0

Consider one index of interaction of
major archaic Neolithic settlements
such as Abu Hureyra. That index is
trade. Since Abu Hureyra was an unusu-
ally large settlement by the second half
of the seventh millennium, it can logi-
cally be viewed as the focal settlement
of a region that embraced many small-
er settlements. The archaeological evi-
dence at Abu Hureyra suggests that the
components of this regional complex
were in contact not only with one anoth-
er but also, and for the first time, with
other regions. Abu Hureyra regularly
received the volcanic glass obsidian
from several sources in Turkey, along
with jadeite, serpentine, agate and mala-
chite. Soapstone came from the Zagros
Mountains, turquoise from the Sinai
and cowrie shells from the Mediterrane-
an or the Red Sea. As for what Abu
Hureyra and its satellite villages offered
in exchange for these desirable raw
materials, the archaeological record is,
alas, silent.

hat factors were responsible for
the unusual growth of Abu Hu-
reyra as a regional focal point? The sin-
gle most important factor must have
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hook (%), a fishhook (i) and needles (j). Prominent in the graves are
“butterfly” beads (k-n), usually made of imported agate or serpen-
tine. Several centimeters wide, the beads are only millimeters thick.

been the development in the Levantof a
new kind of agricultural economy. At
Abu Hureyra, as at a number of other
early Neolithic sites, this new econo-
my rested on the cultivation of cereals
and pulses. Whereas it is only probable
that the Mesolithic predecessors of the
archaic Neolithic villagers cultivated
einkorn wheat, barley and lentils, it is
certain that the Neolithic villagers did.
What is perhaps equally important is
that they also cultivated in addition
to einkorn a new kind of wheat: em-
mer. Although certain other crops were
grown, four—two wheats, one other ce-
real and lentils—were the mainstay of
cultivation.

Another factor in the growth of Abu
Hureyra was its location at the junction
of the Euphrates floodplain and the
open steppe to the south. This allowed
the human population to exploit the re-
sources of two complementary environ-
ments. More than that, the people of
Neolithic Abu Hureyra may have taken
advantage of an accident of local topog-
raphy to put under irrigation the low
ground to the west of the settlement.

In this part of the Euphrates valley
today and in the recent past irrigation
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has been possible only with the aid of
pumps or with canals many kilome-
ters long. Neither of these methods was
available to the archaic Neolithic popu-
lation. A little to the west of Abu Hurey-
ra, however, is a small valley, the Wadi
Hibna. Today it is dry except after a
heavy rain, but under the wetter climat-
ic conditions of archaic Neolithic times
it probably carried a perennial stream
that might easily have been diverted.
By so doing the people of Abu Hureyra
could have irrigated both the bottom
of the wadi and the floodplain west of
their settlement, thereby substantially

C-14 YEARS B.C
(UNCALIBRATED)

increasing crop yields and meeting the
demands of a growing population.

As for the animal sector of the archaic
Neolithic economy, the same three spe-
cies that were hunted as game by the
Mesolithic occupants of the site are
present: gazelle, sheep and goat. Now,
however, all three species were proba-
bly being herded rather than hunted.
The bone remains show that at first
many more gazelles than sheep or goats
were being slaughtered. Then suddenly
the number of gazelles declined and the
number of sheep and goats increased
proportionately. By the time the de-

OCCUPATION OF
TELL ABU HUREYRA

SEQUENCE IN LEVANT

19,000
EARLIER == 16,000

MESOLITHIC
L 11,000
10,000

LATER
MESOLITHIC — 9,000
— 8,000

ARCHAIC
NEOLITHIC — 7.000
6,000

DEVELOPED
— 5,000

NEOLITHIC
4,000

EIGHTH MILLENNIUM

SEVENTH MILLENNIUM

SIXTH MILLENNIUM -

10 TH MILLENNIUM e

NINTH MILLENNIUM =

P

FIFTH MILLENNIUM

THREE-PHASE OCCUPATION of Abu Hureyra (coloréd bars) began during the later Meso-
lithic period in the Levant, some 11,500 years ago. The Mesolithic villagers abandoned the site
for unknown reasons some 10,500 years ago. About 1,000 years later Abu Hureyra was reoc-
cupied by a group of farmers whose subsistence strategies were characteristic of the archaic
Neolithic period. The new settlement soon came to be the largest of its kind in the Levant. A
transition from archaic to developed Neolithic came about 1,500 years later. The settlement
was deserted not long afterward as a consequence of diminishing rainfall and ecological decline.
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veloped phase of the Neolithic had re-
placed the archaic phase, early in the
sixth millennium B.c., cattle and pigs
had been added to the settlement’s
herds and the gazelle had virtually dis-
appeared.

For the remaining centuries of the ar-
chaic Neolithic, however, the original
three animals were the major source
of meat at Abu Hureyra, and the hunt-
ing and gathering of supplemental food-
stuffs continued to be part of the sub-
sistence strategy. Wild plants and wild
game added to the variety of the diet, as
did fish and shellfish.

What did Neolithic Abu Hureyra
look like? Its numerous rectilinear hous-
es were built close together, with only
narrow lanes and little courts between
them. Each house, made of mud brick,
consisted of several small rooms con-
nected by doorways; some of the door-
ways were conventional but others had
very high sills. Many rooms had bur-
nished plaster floors that were colored
black and occasionally had red schemat-
ic motifs. The walls of the houses were
covered with a mud plaster; some were
given a coat of whitewash. It seems like-
ly that each house was occupied by one
family.

he artifacts made by this group in-

cluded flint and, less commonly,
obsidian tools with a variety of new
shapes. Most were made from blanks
produced by removing large blades
from a “core.” The commonest blade
artifacts are arrowheads, knives, end
scrapers (tools with the working surface
at the end rather than on the side) and
burins (blades flaked to retain a sharp
angular projection for engraving). A
smaller number of blades were made
into reamers and sickle edges. The ar-
rowheads must have been intended pri-
marily for hunting, but we found one
lodged in the breast of a human skele-
ton buried in the settlement, suggesting
that the bow and arrow also served in
combat.

Lawrence H. Keeley of the University
of Illinois and Emily Moss of the Uni-
versity of London have examined some
of these tools at high magnification for
signs of wear indicating the purpose the
tools served. They have been able to
show that the end scrapers were used for
dressing hides, the burins for engraving
wood and bone and the reamers for
making holes in those same materials.

The roster of flaked stone tools is
completed by choppers and scrapers
made from large flakes and by stone
hammers. Axheads and chisels were
made of stone that was not flaked but
polished. The rubbing stones and mill-
ing stones used to process cereals were
pecked or ground into shape. A few fine
bowls were made of polished stone;
some coarser stone vessels were formed
by grinding. Although most Neolithic



CLIMATIC CHANGE in the Levant between the ninth millennium
B.C. (left) and the sixth millennium (right) is evident from a shift in
vegetation zones. Abundant rainfall in later Mesolithic times brought
an eastward extension of the Mediterranean forest zone, with more
than 300 millimeters of rain per year (dark color) and of the inter-
mediate zone of open forest and the steppe beyond, with 300 to 150
millimeters of rain per year (lighter colors). Whereas most of the 70
known later Mesolithic sites (black dots) were in the zone of greatest

rainfall or in the intermediate zone, some were in particularly favor-
able steppe niches. For example, Abu Hureyra and Dibsi Faraj East
were on the Euphrates and Azraq was in an oasis. Three millenniums
later the forest, open forest and steppe withdrew westward as rainfall
diminished and the desert (lightest color) advanced. Even the favor-
ably situated steppe sites (triangles) were then abandoned. Of the 80
known sixth-millennium Neolithic sites most were within the area
most favorable for mixed farming, the zone of Mediterranean forest.

sites contain pottery, Abu Hureyra and
a number of other sites in southwestern
Asia show no pottery at all at this stage
of their occupation. One of the main
functions of pottery is the storage of
food, but these Neolithic settlements ap-
parently stored food at least one other
way. They had large rectangular vessels
made of thick white plaster, so heavy
that they must have been permanent fix-
tures of the rooms in which they were
found. It is noteworthy that the propor-
tions of the various kinds of stone tools
differ markedly between one part of
Abu Hureyra and another, indicating
that the archaic Neolithic inhabitants of
the site did different things in different
parts of the settlement.

The bone artifacts of the archaic Neo-
lithic at the site repeat the Mesolithic

inventory of needles, borers and spatu-
las. A bone fishhook and a bone hook
and eye, possibly used to fasten cloth-
ing, are archaic Neolithic additions. The
excavators also discovered traces of
baskets and mats. These must have been
among the commonest craft products of
the settlement; the baskets would have
complemented the rectangular plaster
vessels for the storage of food.

Where the repertory of decorative ob-
jects in the Mesolithic levels of the site
was limited, the number and variety of
such artifacts in the archaic Neolithic
levels were substantial. There are beads
and pendants made of baked clay, bone
and shell. Other decorations are fash-
ioned from a variety of stones: simple
limestone, various greenstones, includ-
ing serpentine, and such semiprecious
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stones as agate, carnelian and turquoise.
The finest of all these objects, nearly all
of them found in graves, can be de-
scribed as butterfly beads. Trapezoidal
or round in form, they are generally
made of serpentine or agate. The beads
measure as much as five and a half centi-
meters in their largest dimension, but
they were ground down until they are no
more than a few millimeters thick.

The use of such materials, many of
them imported, for the manufacture of
decorative articles suggests that one
incentive for the maintenance of trade
with distant communities was pride of
person. This suggestion is strengthened
by the discovery of an end use for anoth-
er imported material: malachite. We un-
earthed one small cockleshell that con-
tained traces of powdered malachite,
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a popular cosmetic during later periods.

The presence of beads made of baked
clay among these decorations is also
noteworthy. Other objects made of clay
were found in the archaic Neolithic lev-
els of the site, notably figurines in hu-
man and animal form. These clay fig-
ures, however, were not baked. Never-
theless, if the clay beads were locally
made rather than imported, the inhabi-
tants of Abu Hureyra were familiar with
two key properties of clay that should
have brought them to the threshold of
pottery manufacture: plasticity and fire
hardening.

The archaic Neolithic settlement
reached its maximum size in the seventh
millennium B.c. Its growth reflected the
sharp increase in the population of the
Levant as a whole that accompanied the
spread of the new agricultural economy.
The occupation of Abu Hureyra contin-
ued after the start of the developed Neo-
lithic period in the sixth millennium, but
the village shrank to little more than
half its former size. Like the preceding
settlement, the developed Neolithic vil-
lage was also built of mud brick. Little is
known about its layout, because it has
been almost destroyed by thousands of
years of exposure to the elements. The
buildings seem to have hardly changed
in plan from those of the archaic Neo-
lithic, but their inhabitants took to dig-
ging numerous pits among the struc-

tures. These they used for a time as
hearths and then filled with rubbish.

The artifacts made by the last inhabi-
tants of Abu Hureyra were little differ-
ent from those of their archaic Neolithic
predecessors. One exception is that pot-
tery now appears. Even that innovation
seems to have been modest in scale; very
few potsherds were found in this part of
the excavation. Eventually, in about
5500 B.c. or perhaps a little earlier, the
site was abandoned. It remained unin-
habited until our group arrived to exca-
vate it.

Why was Abu Hureyra deserted by its
inhabitants? The results of the excava-
tion show that over the long life of the
settlement its agricultural economy was
modified to become increasingly pro-
ductive. One might seek the answer to
the abandonment in purely local terms
if it were not for the fact that throughout
the Levant other sites in the steppe bor-
der zone were also abandoned at about
the same time.

suggest two reasons for these aban-

donments. The first is that from late
in the seventh millennium the overall
environment of the Levant was becom-
ing less attractive to a farming popula-
tion. The temperature had been rising
since the retreat of the Pleistocene ice,
but the rainfall was now diminishing.
The change brought about a gradual

ORNAMENTATION in Neolithic Abu Hureyra is manifested by a cockleshell (/efr) that held
powdered malachite, an imported cosmetic, and by a miniature gazelle head made of granite.
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contraction of the zone of Mediterrane-
an forest. The steppe expanded into the
forested areas, and the desert in turn be-
gan to encroach on the steppe. Thus as
the Levant became more arid the pat-
tern of settlement along the border of
the steppe was affected.

The second cause of the abandon-
ments, in my view, is that the growth of
population during the archaic Neolithic
put too great a strain on the delicate
balance of the overall economy. As
we have seen, that economy had a dual
character. The yields of agriculture and
animal husbandry provided for much of
the population’s needs, but at the same
time the exploitation of wild resources
made its own important contribution.
The plant remains at Abu Hureyra show
that the natural vegetation (and there-
fore the soil cover) became steadily
more degraded over the life of the set-
tlement. The inhabitants were evident-
ly overgrazing their pasture and over-
exploiting the natural vegetation as a
source of food and fuel. It seems prob-
able that they also seriously reduced
the game population at a time when the
change in climate was accelerating the
same process.

Early in the sixth millennium, possi-
bly in response to the dual pressures of
an altered environment and an upset
ecological balance, the inhabitants of
the Levant settfements, Abu Hureyra in-
cluded, ceased to rely on hunting and
gathering as an important supplement to
the farming economy and came instead
to depend almost exclusively on the
produce derived from mixed farming.
In their planting they concentrated on
the more productive of the cereal grains
and on those pulses that like the lentil
were an abundant source of beans and
peas. Their herds now included cattle
and pigs in addition to the ubiquitous
sheep and goats.

This kind of mixed-farming economy
was far better suited to those parts of the
Levant where the Mediterranean forest
still existed, namely the well-watered
coast and the northern plains. The in-
habitants of the once thriving steppe-
border villages gave up their outworn
settlements and moved north and west
to build new homes in more promising
surroundings. The fact that the overall
population of the Levant in the sixth
millennium B.c. remained about the
same as it was at the end of the ex-
pansionist seventh millennium indicates
that the new adjustment was a success-
ful one, whatever the costs of the dis-
location may have been. Although the
Neolithic period was already well ad-
vanced in the Levant before a mixed-
farming economy was developed, the
ultimate adoption of that economy ear-
ly in the sixth millennium B.c. was so
successful that it remained the basis of
human life in the region until modern
times.



crystals

If our studies on them
should happen to shed new
light on how tooth, bone,
and snow form,

it would be nice

Our purpose here is not at all devious.
It is simply to incline you favorably
toward our trademark when buying
film.

When you plunk down the money for
a cartridge of Kodak film, a very small
fraction of one of the pennies goes to
pay Richard L. Daubendiek’s salary
and the expenses of his trip last year
to Copenhagen to lecture an interna-
tional conference on “Agl Precipita-
tions: Effects of pAg on Crystal
Growth.” The professors and sundry
academic types from various countries
who attend such a conference couldn’t
care less about how we make film. Nor
could Dr. Daubendiek tell them even
if he knew all about it.

What Dick Daubendiek and a few of
his associates do know a lot about is
the traffic in ions between crystals and
the solutions they sit in. Since our busi-
ness has rested largely on the growing
and behavior of small silver halide crys-
tals, we feel we (and you) can afford
Dick.

Although pure silver iodide crystals
began to fade in importance as the basis
of photography after Daguerre settled
down with his 6,000 francs a year for
life from Louis Philippe, King of the
French, they subsequently turned out
to be just right for studies of nature’s
‘rules for assembling and disassembling
crystals of all kinds—biological, mete-
orological, or merely industrial.

Now suppose you arrange for a jet of
silver ions to meet a jet of iodide ions
in an aqueous solution of gelatin at
35°C, and suppose you vary their rela-
tive concentrations over a broad range.
The size of the crystals that precipitate
can be measured by electron microgra-
phy from carbon replicas shadowed
with platinum-palladium, like the ones

shown above that were formed at pAg
6.5 and consist of four hexagonal pyra-
mids each. If you plot their mean size
against pAg in a constant ionic en-
vironment, as Dauben-
diek has done here, why
do you suppose you get
that sharp cusp?

His dashed line fits with earlier work represented by the solid line.
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SCIENCE AND THE CITIZEN

By Jove

he rich harvest of pictures and

data from Voyager I following its

close encounter with Jupiter on
March 5 is now being supplemented by
a second flood of information from Voy-
ager 2, which made its closest approach
to the planet on July 9. Before proceed-
ing on to Saturn Voyager I returned
some 18,000 pictures of Jupiter and its
moons. From 60 to 12 days before en-
counter the entire disk of the planet was
photographed in color five times during
each Jovian revolution, showing in great
detail the evolution of cloud patterns in
the planet’s swirling multicolored atmo-
sphere. In the dozen days before closest
approach, when the cameras were too
near for whole-disk mosaics, selected
features were photographed with a reso-
lution as high as six kilometers per pair
of scanning lines. Voyager 1’s cameras
and instruments disclosed such a wealth
of unexpected findings that according to
one team of investigators “the sense of
novelty would probably not have been
greater had we explored a different so-
lar system.” At periapsis, or closest ap-
proach, Voyager 1 was 348,890 kilome-
ters from the center of Jupiter, or some
276,000 kilometers from the top of the
planet’s clouds.

The spacecraft was targeted to pho-
tograph five of Jupiter’s 12 satellites:
tiny innermost Amalthea (discovered
in 1892) and the four Galilean satellites
(first seen by Galileo in 1610): Io, Euro-
pa, Ganymede and Callisto. Ellipsoidal
Amalthea measures about 265 kilome-
ters by 140. The four Galilean satellites
are markedly different in appearance.
Ganymede, Jupiter’s largest satellite,
has such a low density that it is prob-
ably 50 percent water. Callisto, slight-
ly smaller, much darker and even less
dense than Ganymede, presumably has
a still higher fraction of water. Its most
striking feature is a circular impact ba-
sin larger than any seen on the earth’s
moon or on Mercury. Europa was pho-
tographed from the greatest distance
and therefore with the poorest resolu-
tion. Nevertheless, its appearance is also
distinctive. Although it is lacking in ob-
vious impact features, it exhibits an
enormous pattern of intersecting lines
from 50 to 200 kilometers wide and as
much as thousands of kilometers long.

Io is far and away the strangest object
yet seen in the solar system. Slightly
larger than the earth’s moon, it is devoid
of craters and other moonlike features.
Its heavily mottled surface is a crazy
quilt of red, orange, brown, gray and
near-white. Judging from the lack of
craters lo is evidently resurfaced by ero-
sion or deposition every 10 million years
or less. The resurfacing is probably ex-

72

plained by the most spectacular finding
of the Voyager 1 mission: the discovery
on o of at least seven active volcanoes.
Gas vented from the volcanoes is un-
doubtedly rich in sulfur or sulfur com-
pounds. In its various molecular forms
sulfur can account for the entire range
of colors seen on lo’s surface.

Volcanic gases can also account for a
doughnut-shaped ring of neutral sodi-
um gas that fills the orbit of Io, a discov-
ery made with terrestrial instruments in
1973. Voyager 1's instruments showed
that an intersecting torus of ionized gas
at the orbital distance of Io is rich in
ionized sulfur and oxygen. Because the
plasma torus is under the influence of
Jupiter’s magnetic field, whose equator
does not exactly coincide with that of
the planet itself, at the distance of Io the
plasma torus intersects the torus of neu-
tral sodium at a slight angle.

According to one hypothesis the inter-
nal heating necessary to keep Io in a
constant state of volcanic activity could
be supplied by tidal forces. On this mod-
el Europa and Ganymede induce a wob-
ble in Io’s orbit, which causes a variation
in the amplitude of the large fixed tides
generated by Io’s synchronous rotation
about Jupiter. (In synchronous rotation
one face of a satellite always faces the
satellite’s planet) Another source of
heat has now been suggested by Voyager
1 measurements of intense electric cur-
rents flowing in or near the magnetic
“flux tube” that links Io with Jupiter’s
magnetic field. The flux tube is simply
the ensemble of the lines of magnetic
force from Jupiter’s magnetosphere that
pass through lo.

It had been postulated some 10 years
ago that as the magnetic lines of force
sweep through Io they generate a cur-
rent, thereby making the satellite a giant
electric-power station in space. Voyager
1 was targeted to pass through the Io
flux tube and measure the current. It
turned out that the current flow is so
large that it displaces the flux tube
slightly from its predicted position, with
the result that the spacecraft only skirt-
ed the tube. Nevertheless, a current flow
of about five million amperes can be
inferred. The current loop set up by
Io’s interaction with Jupiter’s magneto-
sphere implies that 1012 watts of heat
must be continuously dissipated near or
within the satellite. This is an amount of
heat equivalent to that calculated for
tidal forces acting on Io. Some of the
flux-tube current would also be avail-
able for heating the Io plasma torus.

The most intense heat registered by
Voyager 1’s instruments is also the high-
est temperature ever recorded in the
solar system. As the spacecraft entered
the outer reaches of Jupiter’s magnet-
osphere, 4.9 million kilometers from
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the planet, it encountered a thin plasma
with a temperature of 300 million de-
grees Kelvin. Analysis showed that the
plasma consists primarily of ions of
hydrogen, helium, oxygen and sulfur,
with lesser amounts of sodium. It seems
probable that much of the sulfur and
sodium and some of the oxygen orig-
inates in volcanic emissions from Io.
The gases are presumably ionized and
hurled out into the Jovian magneto-
sphere.

Conspicuous Consumption

The portion of the Federal budget
A dedicated to military expenditures is
expected to increase by approximately
$10 billion in the next fiscal year, contin-
uing the upward trend of the past few
years. The total amount of money re-
quested for the Department of Defense
and for the military programs of the De-
partment of Energy in the Carter Ad-
ministration’s proposed budget for fiscal
1980 now exceeds $138 billion. Mea-
sured either in current dollars or in con-
stant (inflation-adjusted) dollars, that
means the military budget will have
increased each year since 1976, when
President Carter was elected.

The 1980 military budget has been
characterized as “the NATO budget” in
view of the fact that the Administration
and the governments of the other na-
tions that make up the North Atlantic
Treaty Organization have made a com-
mitment to raise their total military out-
lay by at least 3 percent over and above
the prevailing inflation rate in the com-
ing year. Actually, however, the big in-
creases in the new budget are mainly in
the area of nuclear weapons. According
to The Defense Monitor, the newsletter of
the Washington-based Center for De-
fense Information, “the NATO empha-
sis, while still very costly, seems to be
fading as a rationale for big military
budgets. Despite the commitment of
President Carter to lessen U.S. reliance
on nuclear weapons, a nuclear build-
up has now become the focus of spend-
ing increases.” Funding for convention-
al military forces, measured in constant
dollars, will actually decline slightly
in the 1980 budget, whereas funding
for strategic nuclear-weapons programs
will climb by some 19 percent (again in
constant dollars). In order to provide
warheads for the new generation of nu-
clear weapons funding for the produc-
tion of nuclear explosives (a Depart-
ment of Energy program) has more than
doubled since the Carter Administra-
tion took office.

Among the new nuclear-weapons pro-
grams that the newsletter lists as “obvi-
ous targets for those who want to con-
trol escalating military expenditures”
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Journal
of

Field
Archaeology

Taxonomists

in all branches of botany, zoology,
and medicine are needed to identify
archaeological finds. The Journal of
Field Archaeology is preparing a list
of taxonomic specialists who are able
to classify plant (seeds, pollen, fibers,
wood, etc), animal (insects, shells,
bones, hair, teeth, leather, etc.), and
human remains from current
archaeological excavations. If you
are willing to participate in such
inter-disciplinary work, please send
your name, address and the materials
you are competent to identify to:

Curt W. Beck
Vassar College, Box 92
Poughkeepsie, N. Y. 12601
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are the M X missile ($§670 million in the
fiscal 1980 budget), the Trident sub-
marine and Trident II missile ($1.5 bil-
lion), the Pershing II missile ($145 mil-
lion), the sea-launched cruise missile
($107 million), a variety of antisatel-
lite programs (about $80 million) and
the planned modernization of nucle-
ar-weapons production facilities ($81
million).

Other recommended “opportunities
for cost savings in the fiscal 1980 mili-
tary budget” include cutbacks in such
programs as the CVV medium aircraft
carrier ($1.6 billion), the advanced at-
tack helicopter, or AAH ($176 million),
the SSN-688 nuclear attack submarine
($523 million) and the Patriot antiair-
craft missile ($569 million). Reimburse-
ments for U.S. forces in Japan ($1.1
billion) and in West Germany (at least
$1.1 billion) could add to the savings.

The independent analysts of the Cen-
ter for Defense Information estimate
that a total of $10 billion could be saved
from the fiscal 1980 budget “without
reducing the security of the United
States.” In sum, they write, “controlling
the nuclear arms race, through SALT
agreements and by stopping unneeded
programs, and controlling unnecessary
Federal spending are becoming more
and more overlapping objectives. Slow-
ing spiraling government budgets re-
quires slowing the spiraling nuclear
arms buildup. We will be improving our
security through both steps.”

Continuous Coal

With the apparent inevitability of a
greater dependence on coal for en-
ergy in the U.S,, increasing attention is
being paid to the technology and eco-
nomics of this fossil fuel. The Carter
Administration’s energy plan calls for a
doubling of coal production in the U.S.
(to 1.2 billion tons per year) by 1985. To
reach even a fraction of that increase
will require a huge development effort:
new mines, more miners and an expand-
ed system for transporting coal to the
plants (mainly stations generating elec-
tricity) where it will be burned or con-
verted into liquid or gaseous forms.
Most of the coal is now carried by rail-
roads, and they have taken the position
that they will be able to keep up with any
increase in the traffic. An alternative
that is receiving much consideration is
the transportation of coal as a slurry (a
mixture of powdered coal and water) in
pipelines. It is argued that a pipeline sys-
tem would ensure the movement of coal
without excessive strain on the existing
transportation system as production in-
creases and that pipelines, by competing
with the railroads, would help to keep
railroad rates down. The subject is re-
viewed by the General Accounting Of-
fice in a report, “Coal Slurry Pipelines:
Progress and Problems for New Ones.”

The progress can be summed up
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quickly: two coal-slurry pipelines have
been built and seven are in the planning
stage. One of the existing lines—the 108-
mile Ohio pipeline from West Virginia
to Cleveland—was shut down after com-
peting railroads reduced their rates
enough to undercut it. The line still in
operation is the Black Mesa pipeline,
which runs for 273 miles from Arizona
to Nevada and has the capacity to move
4.8 million tons of coal per year. The
most heroic of the lines in the planning
stage is the only one in the East: the
Florida pipeline, which would run for
1,500 miles from eastern Kentucky to
southern Florida with a capacity of 53
million tons of coal per year. The other
lines, ranging in length from 183 to
1,378 miles and in capacity from 10 to
26 million tons, would originate at
Western mines and run west or south.

The two major problems are water
and rights-of-way. It takes a ton of water
to move a ton of coal. Most of the pro-
jected pipelines originate in the arid
West, where water use is a frequent-
ly contested subject. According to the
GAO report “most sources agree that
there is presently enough unused wa-
ter physically available,” but in some
instances “it is not legally available.”
The solution appears to lie in the fact
that pipeline companies can “look be-
yond...conventional sources to water
that is unusable or too expensive for
others to consider.”

The right-of-way problem is most
acute in the East, where much of the
land is privately owned and the rail-
roads will usually not let a pipeline cross
their right-of-way. The pipeline devel-
opers have therefore been seeking emi-
nent-domain legislation, whereby states
or the Federal Government can compel
private owners to provide rights-of-way
for pipelines. Eight states have adopted
such laws, but a proposed Federal law,
the Coal Pipeline Act of 1978, was de-
feated in Congress.

Hard Lines

he electromagnetic radiation emit-

ted by celestial processes includes
not only radio waves, infrared radiation,
light, ultraviolet radiation and X rays
but also gamma rays. Although proces-
ses that emit gamma rays have been
known for some time, it is only recently
that it has been possible to detect spec-
tral lines in these ‘“hardest,” or most
energetic, of electromagnetic waves
from space. Sensitive detectors for the
purpose have been developed that can
be lifted in a balloon or satellite above
most of the earth’s atmosphere, which is
quite opaque to gamma rays. Spectro-
scopic studies of gamma rays are ex-
pected to yield basic information about
highly energetic phenomena in the sun
and other stars, including supernovas.
According to a review article in a recent
issue of Nature, although these studies
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are only in their infancy, gamma-ray
lines have already been found in solar
flares, in the center of our galaxy, in the
radio-wave-emitting galaxy Centaurus
A and in an unidentified transient event
in the direction of the Crab Nebula.

Cosmic gamma-ray lines were first
observed in solar flares. The source of
the lines is probably the nuclear inter-
actions of the particles that the flares
accelerate in the chromosphere and low-
er corona. The strongest line, at a wave-
length equivalent to an energy of 2.223
million electron volts (MeV), is the re-
sult of the capture of a neutron by a
nucleus of hydrogen. Two lines, at 7.632
and 7.646 MeV, are the result of the
capture of a neutron by a nucleus of
iron. The second-strongest line, at .511
MeV, is due to the mutual annihilation
of a positron (a positively charged elec-
tron) and an electron.

The .511-MeV line has also been
observed at the center of our galaxy,
write M. Leventhal of Bell Laboratories
and C. J. MacCallum and P. D. Stang
of Sandia Laboratories in Astrophysical
Journal Letters. The line, whose intensity
is five times greater than that of the
background fluctuations, was spotted by
a large detector flown in a balloon over
Alice Springs in Australia, which lies
directly under the celestial path of the
center of our galaxy. Because the angu-
lar resolution of the detector was only
15 degrees the line cannot be linked to
a particular source of radiation. If the
source is exactly at the center of the gal-
axy, it is giving off a tremendous amount
of energy: about 1030 joules per second
(one joule being the energy needed to
lift one kilogram 10 centimeters). This
amount of energy is several thousand
times greater than the total energy out-
put per second of the sun.

The positrons whose annihilation
givesrise to the .511-MeV line may have
been created in the nuclear reactions
of supernova explosions. The explosive
death of a massive star hurls into the
interstellar medium nuclei of nickel, co-
balt, sodium, titanium, iron and alumi-
num. As some of these nuclei decay ra-
dioactively, positrons are given off. An-
other possible source of positrons is the
magnetosphere of a pulsar, although ob-
servations of one particular pulsar do
not reveal any gamma-ray lines.

Gamma-ray line emission has also
been associated with various transient
events. Intense bursts of gamma rays,
some lasting for perhaps 10 seconds,
have been known for some years, al-
though they have not been examined
with enough resolution to reveal wheth-
er the gamma rays are emitted in lines
or in a continuum. Another kind of
transient event, however, has all its ob-
served radiation in the form of lines.
Such an event, lasting for about 20 min-
utes, was found in the direction of the
Crab Nebula by a balloon-borne detec-
tor on June 10, 1974. The intense gam-
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King Carl XVI Gustav of Sweden—
on the right in these photos—presents
the 1978 Nobel Prize in Physics to
Bell Laboratories scientists Robert
Wilson (top photo) and Arno Penzias.



What does the Nobel Prize

have to do

with your telephone?

The two scientists on the
opposite page are receiving the
highest honor a scientist can
earn—the Nobel Prize. They are
the sixth and seventh laureates
who did their prize-winning
research at Bell Telephone
Laboratories. These scientists
shared a common goal—the
search for new knowledge to
further advance the art of
telecommunications.

Clinton Davisson shared the
Nobel Prize in 1937 for
demonstrating the wave nature
of matter. In 1956, John
Bardeen, Walter Brattain and
William Shockley were honored
for their invention of the
transistor. Philip Anderson’s
theoretical work on amorphous
materials (such as glass) and on
magnetism led to a Nobel Prize
in 1977. And in 1978, Arno
Penzias and Robert Wilson
received the Prize for detecting
the faint radiation from the “big
bang” explosion that gave birth
to the universe some 18 billion
years ago.

The search for knowledge

These scientists and their
colleagues at Bell Labs, given the
freedom to explore, have proved

time and again the value of
investment in research—not
only for telecommunications
but for society in general.
The transistor, for example,
revolutionized communications
and brought into being entire
new industries—indeed, a
new industrial society —based
on solid-state electronics.
Other Bell Labs advances—
products of this same research
environment—have included
high-fidelity recording, sound
motion pictures, long-distance
television transmission in the
United States, the electrical
digital computer, information
theory, the silicon solar cell, and
the laser. The impact of this
work—on almost every field of
commerce, industry, education
and even medicine—has been
incalculable.

The innovation process

Research done at Bell Labs in
the past is the basis for the
products and services the Bell
System offers its customers
today, just as the research going
on now is the foundation for
tomorrow’s telecommunications.

Bell Labs scientists—
specialists in physics, chemistry,

mathematics and many other
disciplines—team their efforts
with those of our systems,
development and design
engineers. They, in turn, work
closely with Western Electric
manufacturing engineers and
with the people of the Bell
System operating telephone
companies.

This technical integration
is the foundation for true
innovation. One idea feeds
another. A basic’scientific
discovery can make possible
entire new technologies and
products for telecommunications,
and a concept for a new product
or system can stimulate the
research to find even more new
knowledge. That interaction,
that teamwork, has been
extremely productive: Bell Labs
people have received 18,645
patents between our founding in
1925 and the end of 1978.

Sometimes, the search for
knowledge may lead to a Nobel
Prize. Often, it benefits all of
society. And always, its ultimate
aim is better service for Bell
System customers.

Bell Laboratories
600 Mountain Avenue
Murray Hill, N.J. 07974

@ Bell Laboratories

Keeping your communications system the best in the world.
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ma-ray emission fell in four compara-
tively narrow energy bands. The radia-
tion was strongly red-shifted, that is, its
wavelength was increased by the loss of
energy in moving against a powerful
gravitational field. This suggests that the
transient emission is associated with an
object having an ultrastrong gravita-
tional field, such as a neutron star or a
black hole.

Second Bass

[&s any dog trainer knows, sounds that
are too high for man to hear are
perfectly audible to dogs. The upper
limit of human hearing is about 20,000
hertz (cycles per second), of canine hear-
ing about 40,000 hertz and of bat and
mouse hearing about 80,000 hertz. The
lower limit of human hearing is about
125 hertz at normal levels of intensity.
Are any animals able to hear lower
sounds than man can?

The answer is yes, according to Rick-
ye and Henry Heffner of the University
of Kansas at Parsons and Ned Stichman
of the Ralph Mitchell Zoo in Indepen-
dence, Kan. Indeed, it seems likely that
all animals with a head larger than
man’s have this ability. The three in-
vestigators recently tested the hearing
range of a seven-year-old Indian ele-
phant in the Independence zoo. Report-
ing on their work at a recent meeting of
the Acoustical Society of America, they
note that their subject, Lois, could not
hear sounds higher than 12,000 hertz
but could hear sounds as low as 16 hertz
at levels of intensity that were inaudible
to human beings. The investigators con-
clude that the range of hearing in ani-
mals is in inverse proportion not to the
size of the ear but to the size of the skull,
which determines the distance between
the ears.

The testing technique used with Lois
involved a reward when the elephant
correctly punched a “yes” or “no” but-
ton with her trunk, depending on wheth-
er a sound was audible or inaudible. In
the course of their experiment Stichman
and the Heffners rewarded Lois with a
total of eight gallons of watered-down
Kool-Aid, half a cup at a time.

Mecllroy Was Here

Most people go to the hospital only
when they have to, but a few indi-
viduals have a strange compulsion to go
repeatedly, even if they have to fake the
symptoms of illness. This type of patho-
logical lying is common enough to have
a name: Munchausen syndrome (after
the classic collection of tall tales titled
The Adventures of Baron Munchausen).
The most remarkable case history to
date is that of Stewart Mcllroy, whose
exploits are chronicled by C. A. Pallis
and A. N. Bamji in a recent issue of Brit-
ish Medical Journal.

Mcllroy’s success as an imaginary in-
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valid owed much to minimal signs of
neurological disorder: a slight wasting
of the muscles in the left hand, a lack of
reflexes in the arms and a loss of sensa-
tion in areas scattered over the arms and
upper trunk. Beyond this Mcllroy had
a genius for simulating symptoms, ap-
pearing on various occasions to be suf-
fering from a collapsed lung, a varie-
ty of dramatic neurological disorders,
acute respiratory failure (which necessi-
tated a permanent tracheotomy and a
silver speaking tube), severe abdominal
pain, recurrent chest pain and retention
of urine. All these symptoms appear to
have been completely counterfeited.

Beginning in 1944, Mcllroy spent
more than 10 of the next 34 years as a
patient in at least 68 different hospitals
throughout the British Isles: eight hospi-
tals in Northern Ireland, seven in the
Republic of Ireland, eight in Scotland,
two in Wales and 45 in England. At least
207 admissions have been documented,
and there is circumstantial evidence for
another 10. In his long career Mcllroy
cost the National Health Service a sum
running into millions of pounds and per-
haps tens of millions.

Mcllroy’s wide experience with hos-
pitals gave him a remarkable grasp of
medical technology and a considerable
sophistication in the simulation of vari-
ous diseases. He developed the giving of
his medical history into a fine art, in-
cluding “facts” going beyond his own
history; on several occasions he men-
tioned the death of a sister, giving one of
three different causes. When one array
of symptoms was threatened with expo-
sure, he would switch to another, and
if a showdown seemed imminent, he
would quickly decamp, his paraplegic
or hemiplegic disabilities miraculously
cured. He discharged himself from the
hospital a total of 133 times, managing
to escape detection by employing 22 dif-
ferent last names and eight first names in
different hospitals.

Quite apart from bed and board, Mc-
Ilroy cost taxpayers dearly in diagnos-
tic and operative procedures. His skull
showed surgical burr holes from early in
his career, and his numerous scars bore
witness to a variety of orthopedic proce-
dures and abdominal operations. The
number of ordinary X-ray examinations
and blood tests must have numbered in
the hundreds if not thousands, and he
underwent at least 48 spinal taps, three
air encephalograms and numerous mye-
lograms. His collected medical notes oc-
cupy four inches of shelf space.

In 1978 Mcllroy disappeared, and in-
asmuch as it has been more than a year
since he was last seen, he is presumed to
be dead. Pallis and Bamji conclude that
the fact Mcllroy lived as long as he did
“bears testimony to the resilience of the
human frame and to the relative safety
of our hospitals.” They add that his ca-
reer has “taught many lessons to those
who were deceived.”



the form of innovation, the

improvement and upgrading of products has played a major

role in this success: it is the subject of this Special Report by
economic and financial writer Andrew Hargrave.
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Our Strength -
a broad Base

The VEBA Croup is one of Germany's major energy producers.
It is at the same time a broadly based industrial and service organization with
total sales of more than DM 30 billion, 80,000 employees
and nearly 1 million shareholders.

7o

Electricity.
VEBA's corporate backbone
Is electricity generating
and supply, providing
millions of households
and numerous indus-
trial users with
power generated
from various fuels
such as coal, oll,
natural gas, and
nuclear energy.

Petroleum.

VEBA's entire petroleum sec-
tor from the search for crude
and processing to sup-
' plying of end-users is
- within the scope of
VEBA OEL. Clobal
exploration is the
function of DEMI-
NEX. VEBAs re-
fineries process
16-17 million tons
of crude annually.
Distribution is with
RAAB KARCHER

and ARAL.

Trading and
Transportation.
STINNES and also
RAAB KARCHER are
the Group companies
%" that specialize in world-
wide distribution and trans-
portation. Their activities in-
clude freight forwarding and
handling, ocean and inland shipping.

Chemicals. .
The chemical activities
ofthe Group areconcen- §
tratedin Chemische Werke ™ g&ij
Hills (hiils), a multiproduct

chemical concern, encompass-
ing several specialized companies.

v

. Energy
is our Business

For further information and your copy
of the Annual Report please get in touch with VEBA AG,
P.0O.Box 300306, D-4000 Diisseldorf 30
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GERMAN
TECHNOLOGY
TODAY

Foreword
by the Federal
Minister
for Research
and
Technology

High performance in the fields of re-
search and development coupled with an
effective policy on research and techno-
logy are vital for a highly developed in-
dustrial country such as the Federal Re-
public of Germany. There can be no rest-
ing on the laurels of a great scientific past:
consequently all involved in science, in
the economy, in government must re-
double their efforts to achieve the neces-
sary innovations. Those in authority have
recognized the urgency of this task: the
level of achievement is reflected in this
Special Report.

Well over half the research and de-
velopment activities in industry in the
Federal Republic (63 per cent last year)
were carried out by business enterprises
which also financed them to a consider-
able — 49 per cent—extent. Altogether re-
search and development expenditure last
year amounted to 2.3 per cent of the
Gross National Product and to 3.2 per
cent of the combined budgets of the fed-
eral and state governments and
municipalities.

The objectives of research and
technology correspond closely to the
overall aims of the federal Government
and may contribute to
@ extending and deepening the level of

understanding for science;

@® maintaining and developing the per-
formance and competitive ability of
our economy;

@ protecting resources and what is gen-
erally known as the *'good life’’; and

@® improving the living and working con-
ditions of the people, recognizing the
consequences and inter-action of
technological developments and jus-
tifying and discussing decisions in
their use, especially in weighing up
the opportunities andrisks inherent in
those developments.

Official promotion of research may influ-
ence the content of research, which for
sound reasons is organized along
pluralistic lines, only to a limited degree.
Research and development in industry
and its commercial exploitation is primar-
ily the responsibility of business enter-
prises. In meeting public needs, on the
other hand, co-operation with various in-
stitutions is essential. In basic research
the choice of projects and working
methods is the sole responsibility of
scientists.

Last year the State — the federal
Governmentin the main —spent DM 4.2*
billion on the promotion of research and
development in industry. This corre-
sponds to 23 per cent of industry’s total
expenditure on research and develop-
ment. Moreover, tax concessions to
promote research and development,
amounting to DM 260 million in 1977,
have now been extended to small and
medium-sized firms.

Direct promotion of research and
development occurs mainly where the
aim is to eliminate universally known
economic and social bottlenecks, al-
though the execution of individual pro-
jects is generally left to business. Promo-
tion by the State itself follows only when
private enterprise is unable to carry out
the necessary research and develop-
ment in the given time or fails to carry it
out altogether.

This applies especially to activities
carrying high scientific-technical or busi-
ness risks; projects which require large
investment and whose development is
over a long period or where demand is as
yet insufficient.

The choice, concept and execution
of such projects, sponsored usually
within priority programs by the federal
Government, require the creative co-op-
eration, expertise, market knowledge and
experience of business corporations, un-
ions and trade associations as much as
the knowhow of scientists.

In many ways, research and de-
velopment in the Federal Republic of
Germany and, in particular, the research
policy of the Ministry of Research and
Technology, operates in an international
environment. This applies, above all, to
the European Community; but co-opera-
tion also exists within OECD and UN-
ESCO as well as with organizations
covering such varied fields as energy and
nuclear research, space research, as-

* Approximately 1.9. Deutsche Mark = one US dol-
lar, or roughly two to one.
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tronomy, molecular biology. Finally, there
is co-operation at two-nation or multina-
tional level in single projects or part pro-
grams, including fast reactors, uranium
enrichment, reactor safety, medicine,
satellites, rockets and space laboratories.
The growing significance of co-operation
with Third World countries is underlined
by several recent agreements in which
the Ministry of Research and Technology
has been involved.

This brief introduction to ““German
Technology Today" indicates the range
of State participation in research and
technology and its contribution to the sol-
ution of urgent problems which transcend
national boundaries. Volker Hauff

Technology:
an unceasing quest

Technological excellence, as Fed-
eral Minister Hauff points out in his
Foreword, is a far from theoretical issue in
the Federal Republic of Germany. A na-
tion which is, to a very great extent, de-
pendent on imported raw materials, in-
cluding energy, to ensure continued
prosperity and rising living standards, is
therefore faced with a dual task. It has to
utilize to the utmost its own slender re-
sources and, at the same time, search for
the most appropriate and economic solu-
tions to convert the imported raw materi-
als into high-grade products, a substan-
tial proportion of which would then have
to be exported to pay for imports.

Technology, defined here as the ap-
plication of research to industry and
commerce carried out in a suitable hu-
man environment, plays a major role in
both these tasks. Sometimes, as for in-
stance inthe two spectacular upsurges in
energy prices during the past six years, it
has had to tackle unforeseen and unpre-
dictable twists in world economic pat-
terns beyond the control of not only Ger-
many but most other advanced industrial
nations.

Germany, along with Japan, a re-
markable example of post-war ‘‘econ-
omic miracle”, has managed to ab-
sorb the shocks of energy price rises fol-
lowing the 1973 Middle East War and the
1978 Iran crisis in a significantly short
time. It has maintained a healthy balance
of payments surplus throughout, partly by
playing a major role in the process of re-
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GHH-Prospects Thanks to the
high technological standard of

the wide range of products made
by its member companies, the
GHH Group is today one of the
world's leading enterprises in the
mechanical engineering sector. Its
competitiveness in many world
markets stems from its ability to
adapt to customer requirements
and to offer turnkey solutions,
especially in the field of plant con-
struction. The GHH Group can act
as your partner in the following
sectors: Machinery, plate structures,
transport equipment; plant con-
struction, project engineering and
trading; cables, conduits and non-
ferrous metalworking.

The GHH Group offers a total capa-
bility: consultancy, basic planning,
project engineering, supply erection
and commissioning, training of
specialists, financing of turnkey
plants and marketing of the custom-
er's products. In March 1979 the
order backlog totalled some

DM 15,500 millions. Turnover during
the last financial year amounted to
DM 12,400 millions. Of the GHH
Group's 84,300 employees more
than 4,000 are engaged fullime in
research and the development of
new products and techniques.
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cycling oil revenues by selling goods and
knowhow to the oil producers. (This has,
incidentally, become a source of
headache to many German companies
involved in trade with and investment in
Iran).

It has been said that the second
energy jolt came just at the right time to
concentrate German minds on one of the
biggest — if not the biggest — politi-
cal/economic/social problems it faces
over the next few years. Failure to face
the issue of nuclear power squarely and
in good time has been all but admitted by
Federal Minister Hauff in a magazine in-
terview: “In the debate over nuclear
power, political institutions, parties, par-
liamentary groups have reacted only
when the waves of protest were already
rolling.”

Nuclear power is a significant factor,
directly or indirectly, in all three major
areas of controversy which, in his view,
are troubling the nation today. He defines
them as the relationship between tech-
nology and environment, the danger to
employment  through  technological
change (with microprocessing as the
focal point) and risks to safety arising
from technological progress.

The nuclear debate is not, of course,
confined to the Federal Republic. That is
why Herr Rudolf von Bennigsen-Foerder,
chief executive of the major energy,
chemicals and trading group VEBA, is en-
thusiastic about the result ofthe Swissre-
ferendum in February approving the
building of nuclear power stations. But
that was before the Three Mile Island

accidentin Pennsylvania which did notgo
unnoticed by the anti-nuclear lobby in
Germany. All the country’s existing or
planned reactors are of the pressurized
water type, similar to Three Mile Island’s.

In Germany the debate is further
complicated by the often conflicting de-
sires to maintain and, if possible, improve
the high living standards and, at the same
time, adhere strictly to democratic proce-
dures in allowing nuclear development to
go ahead. But while the debate con-
tinues, the authorities as well as industry
are trying to make sure that alternative
sources of all kinds, particularly coal —
Germany’s only major indigenous fuel —
are used to their best advantage.

For instance, the German chemical
industry which includes three of the
world’s top five concerns, is already
planning to make a bigger use of coal as
an alternative raw material to oil. Profes-
sor Dr. Herbert Gruenewald, chief execu-
tive of Bayer, foresees ‘‘an intensification
of the trend in favor of coal-based
chemistry’ in about ten years’ time, in-
creased utilization of oil shale and sands
in the decade to follow and “‘large-scale
commercialization of the manufacture of
chemicals from biomasses’ in the next
century. These views are echoed by Pro-
fessor Dr. Matthias Seefelder, chief ex-
ecutive of BASF, another of the chemi-
cals trio.

In the short term, however, better
energy saving and fuel utilization, includ-
ing oil, are the major preoccupation for
German industry, from chemicals to
steelmaking and vehicle manufacture. So

TABLE | Regional Structure of German Foreign Investment, 1960-1978

(In DM billions)
Countries 1960 1970 1975 Mid-1978
Industrial Countries — 14.9 29.7 38.5
of which
EC TOTAL 0.42 7.3 14.8 18.6
Belgium/Luxembourg 0.09 2.4 4.2 5.4
France 0.14 21 4.3 5.4
The Netherlands 0.08 11 2.8 3.3
Great Britain/Ireland 0.04 0.6 1.7 2.2
Italy 0.06 0.8 1.6 1.8
Switzerland 0.36 2.2 4.3 5.0
Spain — 0.9 2.9 3.0
Austria 0.08 1.0 1.5 1.8
us 0.28 1.8 4.2 7.4
Japan — 0.1 0.3 0.3
Developing Countries — 6.2 123 16.3
of which
Brazil 0.53 1.5 2.9 4.2
Oil producers — 0.1 0.9 1.4
Eastern Bloc — —_ 0.06 0.3
TOTAL 2.93 211 42.0 54.8
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is the onset of microelectronics, both to
be discussed in some detail later in this
report.

There are, of course, problems other
than energy. Dr. Wilfried Guth, joint
spokesman for Deutsche Bank, Ger-
many’s largest commercial bank, and the
man who was, at the time of writing, tip-
ped as the next president of the Deutsche
Bundesbank, Germany’s central bank,
sees a series of potential threats to Ger-
man prosperity. These include a slowing
down of economic growth, the share of
wages and salaries within the nation’s to-
tal income rising at the expense of in-
come from enterprise and capital ac-
cumulation, increasing State expenditure
(a phenomenon common to all advanced
industrial countries), a ‘‘rougher social
climate’’, the shift of center of economic
growth to OPEC and more developed
Third World countries, particularly those
of Southeast Asia and Latin America, the
uncertainty over currencies (including
the continued upward trend of the
Deutschemark), sharpening international
competition (between a quarter and a
third of Germany'’s industrial output goes

to exports) and a trend towards protec-
tionism in world trade.

Dr. Guth, in referringtothe USas a
“sleeping giant”, believes it is only a
question of time before the US makes full
use of its new opportunities in the world
markets, ‘‘something we should wel-
come in view of its balance of payments
position and the state of the dollar.”

One significant effect of the rising
value of the Deutschemark and of
domestic pay levels has been the steep
increase in investment by German com-
panies outside Germany. This rose — as
Table | indicates — from an admittedly
slow post-war start seven-fold between
1960 and 1970 and a further two-and-a-
half times beween 1970 and mid-1978:

A further analysis of foreign invest-
ments in the same report provides a
breakdown of industries and services. It
comes as no surprise that industries with
the highest per capita as well as overall
investment in research and development
and deep involvement in technology
transfer are prominent as foreign inves-
tors as well. For these are the very indus-
tries which stand to lose most heavily if

AEG-TELEFUNKEN

ADVERTISEMENT

they are priced out of world markets, with
a consequent threat to profit and em-
ployment.

Several leading German companies
have made news in recent years with
sizeable foreign investments. Some of
these will be examined in detail else-
where in this report but they include
Hoechst, the third of the big chemicals
trio, which now invests more abroad than
in the home country. Siemens, the top
German electrical and electronics group,
invests more than a third of its world total
abroad, with the US as the major reci-
pient.

There are, of course, considerable
risks inherent in foreign investment off-
setting, to some extent, the obvious ad-
vantages. Apart from such unforeseen
risks as the revolution in Iran, technology
transfer often produces fresh competi-
tion, sometimes in the investor’'s own
market. But as Dr. Hans Friderichs,
chairman of the managing board of
Dresdner Bank and former federal
Economics Minister points out, ‘““We can-
not very well build factories with our
superior plant technology knowhow and

.

Ideas and Achlevement

Globe-spanning communications through
satellites and ground stations — that's
telecommunications technology by
AEG-TELEFUNKEN.

AEG-TELEFUNKEN has so far been involved
with the construction of 9 satellite ground
stations and 17 satellites, one of which was
the Franco-German SYMPHONY |l
communications satellite launched into a
geostationary orbit in 1975, which is
performing its communication function
perfectly to this very day.

Before man can break new ground to leave
conventional technology behind it takes ideas
to show the technical possibilities.

For example in the case of communications
satellites whose reliable operation must be
guaranteed for years. AEG-TELEFUNKEN

Designing for today, planning for tomorrow —

A&F 922 setting the trends
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then tell the countries in which they are
built that their products may not be sold in
the German market.”

All the same, Dr. Friderichs sees
another side to the coin. New oppor-
tunities arise in those countries precisely
because products incorporating high
technology create a new demand which
may in turn be exploited by German ex-
porters as an additional means of protec-
ting markets and, incidentally, Germany’s
balance of payments surplus as well.
(Last year, in spite of the usual deficit on
the services account, the surplus
amounted to a healthy DM 16.2 billion).

Nor can one ignore the millions of
jobs which depend on the continuing
success of Germany’s exports.

The growing tendency of German
companies to invest abroad lends addi-
tional urgency to the urge to upgrade
manufactures through increasing input of
research and development. The expand-
ing network of foreign manufacturing as-
sociates, subsidiaries and branches not
only produce export-displacing of replac-
ing goods but often surface — Dr.
Friderichs’ point — as direct competitors
to the parent companies, even in the
home market. It is an experience com-
mon to all western nations, but for one
depending so much on exports for
economic growth such as Germany, it
constitutes an additional threat.

One small example: Volkswagen-
werk imports about 100 “‘Beetles” a
week from its Brazilian plant. The once
popular model is no longer manufactured
in Germany and has been replaced by the
more sophisticated and up-to-date Golf,
the Rabbit in the US. The imported ‘‘Bee-
tles” for which there is still a minor de-

mand, thus appears as a competitorin the
home market.

The role of technology in upgrading
the German product is the main theme of
this Special Report. It will analyze indus-
try’s overall research and development
(R & D) inputand the Government'’s con-
tribution. The efforts of private enterprise
will be examined through the experience
of some 30 companies, mainly though
not exclusively large and powerful. This
analysis will be supplemented by the
contributions of other organizations such
as banks (particularly their role in provid-
ing risk capital), exhibitions and research
bodies.

Throughout the report close atten-
tion will be paid to the interlocking nature
of technologies spreading right across
the sector boundaries of industry. Thus
data processing has intruded into virtually
every corner of the engineering, steel,
electrical, automotive and aerospace in-
dustries (among others) and the energy
issue affects not only power generation
but, as already noted, chemicals, steel-
making, vehicle manufacture and many
others. Nor can the already mentioned
environmental problems and their some-
times inhibiting, sometimes beneficial ef-
fects on technological development be
ignored: and as Germany’s experience in
all these fields is shared to varying de-
grees by other leading industrial nations,
some international comparisons will also
be included.

TABLE |l Sector Structure of Foreign Investment, 1971-1978

(In DM billions)

_ ) 1971 1978 1975 1977 Mid-1978
Industry 19.9 25.0 32.2 39.9 M1.5
of which

Chemicals 5.5 6.2 8.0 9.4 9.7
Electricals/electronics 2.8 3.5 4.4 5.6 5.6
Iron and Steel 1.4 2.8 3.3 4.1 4.2
Engineering 1.7 2.3 3.1 4.0 4.2
Oil exploration/processing 1.0 1.4 25 3.4 3.6
Automotive 2.2 2.3 2.8 3.4 3.5
Services
of which
Banks and Insurance 1.6 2.7 3.9 54 5.9
Trade 0.3 0.5 0.5 0.7 0.8
Other sectors 0.7 0.7 1.0 1.2 1.4
_ TOTAL 23.8 32.2 42.0 521 54.8
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R & D:
the overall effort

Germany'’s total scientific expendi-
ture cametoabout DM 40billion last year,
of which the Federal and State govern-
ments funded 63 per cent and business
the rest. Itamounted to 3.1 per cent of the
Gross National Product compared with
2.6 per cent in 1969.

Research and development ac-
counted for nearly three-quarters of the
expenditure, DM 29.2 billion, shared in
almost equal proportion by business and
the State: only three per cent of it was
funded by institutions. Of the total DM
18.4 billion was spenton R & D in indus-
try, 77 per cent of it funded by business
companies and their associations. In the
case of Siemens, Germany’s largest
single spender on R & D (DM 2.3 billion
in 1977/78), almost 90 per cent of it was
self-financed.

Business’'s expenditure on indus-
trial R & D, DM 14.4 billion in 1978, com-
pares with its expenditure of DM 6.4 bil-
lion in 1969 when total spending on in-
dustrial R & D, including State contribu-
tion, was only DM 7.5 billion.

The total scientific, technical and
other personnel employedinR & D in in-
dustry peaked at 199,000 in 1971, de-
clined to 186,000 by 1975 and has re-
mained around that level since. However,
the Ministry for Research and Techno-
logy claims in its latest annual report that
“industry in the Federal Republic still has
a great R & D potential in terms of per-
sonnel and funds.”

R & D expenditure within Ger-
many’s Gross National Product rose from
2percentin 196910 2.4 percentin 1975,
slowing down to 2.3 per cent in 1977.
However, the latest OECD figures show
that the US spent the same proportion of
its output on R & D in 1977 which com-
pares badly with the 2.8 per centinvested
in 1969, year of the first moon landing.

The same OECD figures quote the
latest available R & D percentages in
other advanced western nations: 2.1 per
cent by Britain (1975), 2 per cent by Ja-
pan (1974), 1.9 per cent by France
(1975).

The figures appear to bear out the
contention that the West, including the
US and Germany, are indulging in a
“technological breather.” This theory is
challenged by at least some top German
industrialists.
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Diesel-powered cars seem like a
startling new idea to just about everybody
these days—except Mercedes-Benz.

ercedes-Benz has built over

two million Diesel cars since
introducing the world’s first pro-
duction Diesel 43 years ago.
Priceless expertise, epitomized
by the 5 Diesel thoroughbreds
shown here. Read all about
them, and about the crucial dif-
ferencesbetween a Diesel-and a
Diesel from Mercedes-Benz.

Cynics were still snickering that
“the Diesel engine can never work in
an automobile” when Mercedes-Benz
unveiled the world’s first production
Diesel passenger car.

That was in 1936. By 1958,
Mercedes-Benz had introduced its
Diesel cars to America. And while
skeptics warned that “Americans will
never buy Diesels,” Mercedes-Benz
proceeded to sell more than 155,000
of them over the following 21 years.

8 generations of Diesel cars

Today, Mercedes-Benz has pro-
gressed to an eighth generation of
Diesel-powered cars, in a range of
five models.

Five singular cars, each a unique
rendering of the Diesel idea. Each
backed by those 43 years of
Mercedes-Benz Diesel development
and the experience gained from
building more than two million Die-
sel cars. Their engineering proven in
labs and on test tracks, of course - but
also by millions of miles of everyday
use in 142 countries around the
world.

Same principle, different Diesels

All Diesel-powered automobiles
share the same technical principles -
those laid down by inventor Rudolf
Diesel almost a century ago.

But if technical principles were
all that counted, all Diesel cars would
be alike. It also counts how a Diesel
car is designed and how it is built.

Diesels are no sudden enthusi-
asm, no production sideline at
Mercedes-Benz. Built in the thou-
sands year after year over the dec-
ades, Mercedes-Benz Diesel auto-
mobiles are almost the company’s
lifeblood. They reflect the efforts

of engineers who have made the
Diesel-powered automobile a career.

You can’t argue with results

This commitment and that 43-year
fund of Mercedes-Benz Diesel exper-
tise combine to pay welcome divi-
dends.

Diesel engineering break-
throughs seem almost a Mercedes-
Benz habit. For example: In 1975, the
world’s first five-cylinder Diesel pas-
senger car; in 1978, the world’s first
turbocharged Diesel passenger car
- its engine, cousin to that used in a
200-mph Mercedes-Benz Diesel
coupe that shattered 9 absolute
world speed and distance records.

Other dividends take less spectac-
ular but still impressive forms. The
special precombustion chamber pro-
vided for each cylinder of a
Mercedes-Benz engine, for instance:
Air and fuel are mixed and burned in
two stages, for running smoothness
and more complete combustion.

Five different Diesels

The Mercedes-Benz Diesel range
consists of more than varied body
styles. Here are profiles of five differ-
ent kinds of Diesel cars:

The 300 SD Turbodiesel Sedan
is a performance Diesel - the first
production Diesel car to employ
turbocharging. It is also the room-
iest Diesel sedan Mercedes-Benz has
ever built, and the most sumptuous.

The total effect is breathtaking.
You are literally turbocharged away
from stoplights, up long grades,
through passing maneuvers, with a
feeling of power to spare. “Diesel
lag” is gone.

The new 300 TD station wagon,
just announced, had to behave like a
Mercedes-Benz first and foremost: it
is meant to be not just another station
wagon, but a brisk-handling machine
that is rewarding to drive - even un-
der heavy load. The 300 TD is as
solidly built as a Mercedes-Benz car,
and interior space has been so inge-
niously used that all of the passenger
seats can fold away to create the
maximum possible cargo space.

Light alloy wheels on 300 CD and 300 1D - and sunvoof shoun - arve at added cost
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The 300 CD Coupe introduces
Diesel efficiency into the elegant
realm of the two-door, limited-pro
duction coupe.

The extraordinary result: a rival to
some of the world’s most exclusive
two-door cars, rich with creature
comforts and ideal for extended
highway cruising - yet powered by a
five-cylinder Diesel engine that purrs
along on the cheapest automotive
fuel you can buy.

The 300D Sedan is that rarity of
rarities, a four-door automobile that
is also a driver’s car.

One spirited run down a chal

enging mountain road in the 300D

should forever quash the old preju
dice that a sedan, or a Diesel, has to
be dull.

The 240 D Sedan offers classic,
no-nonsense Diesel practicality in its
most refined form to date.

With its modest 2.4-liter, four-
cylinder engine size, the 240 D’s fuel
appetite is meant to be lean indeed.
The EPA estimates 30 mpg for a 240D
equipped with a manual 4-speed
transmission. Remember: compare
this estimate to the ‘estimated mpg’
of other cars. You may get different
mileage, depending on how fast you
drive, weather conditions, and trip
length.

Economy is furthered by a man
ual 4-speed transmission as standard
equipment. For those bent on peak
efficiency, air-conditioning and cer-
tain accessories are omitted from the
standard equipment list. They can be
ordered as extra-cost options.

Engineered like no other car
in the world

The Mercedes-Benz aim is doggedly
single-minded. It is to build safe,
comfortable, practical cars with as
few imperfections as possible.

This philosophy puts engineering
ahead of petty economies and pre-
cludes the mass production of inex-
pensive cars.

A Mercedes-Benz is
engineered like no other
car in the world.

©1979 Mercedes-Benz of North America, Inc.,
One Mercedes Drive, Montvale, New Jersey 07645
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Professor Dr. Joachim Zahn, retiring
chief executive of automotive manufac-
turer Daimler-Benz, sees no reason to be
pessimistic: ““It is a fundamental charac-
teristic of man to strive constantly to im-
prove his environment and thus become
a permanent driving force for growth.”

Dr. Bernhard Plettner, chief execu-
tive of the electrical giant Siemens, putsit
differently: *“The success of the German
economy is due to the very broad range
of products incorporating science and
technology”, he says. ““Companies op-
erate in an international environment: de-
spite the high-value Deutschemark and
high wages, Siemens exported about
one-third of its output last year and made
a profit.”

A dissenting voice is that of Dr.
Guenther Sassmannshausen, chief ex-
ecutive of Preussag, a group active in as
diverse fields as energy, metals, con-
struction and transport. He criticizes the
federal Government for what he terms as
a lack of raw materials policy, of co-ordi-
nation and the loss of drive. “We may
even have misread our much-praised
economic miracle,” he says, adding that
only by technological progress — which
competitors in the Third World cannot
imitate — can the West stay ahead.

There are a number of criteria which
link technology to economic growth. An
analysis by the German Science Founda-
tion (Stiftverband der Deutschen Wis-
senschaft) for instance shows that the
high spenders on research and de-
velopment are equally successful in in-
creasing their sales and exports.

Thus between 1970-76, the seven
above-average growth industries in-

cluded five of the biggest spenders on
R & D. They were, in order of increase in
growth rates, chemicals (4.7 per cent of
sales spent on R & D); the automotive
industry (5.7 per cent); instrument manu-
facture and optics (4.9 per cent); en-
gineering (3 per cent); and electri-
cal/electronics (6.4 per cent). The excep-
tions were crude oil processing which
topped the list, an industry dominated by
multinationals whose research and de-
velopment is located largely outside
Germany; and timber processing, a rela-
tively small industry.

Of manufacturing industry’s total
expenditure on R & D during that period,
three — chemicals, electrical/electronics
and automotive — were between them re-
sponsible for over three-quarters and
engineering for a further one-eighth of
thetotal. In other words, these fourindus-
tries account for about 90 per cent of all
industrial research and development in
Germany.

One should not, eveninthe German
context, ignore the relatively small but
technologically advanced aerospace in-
dustry which spends on R & D an amount
yearly which corresponds to over one-
third of its total sales. As in other coun-
tries, a very high proportion of this is
funded by the Government.

The four high R & D spenders are
also Germany’s largest export earners,
accounting for about two-thirds of the
country’s exported manufactures. This
seems to confirm Dr. Plettner’s assertion
linking high-grade technologically-based
products with success in the world mar-
ket. According to Dr. Manfred Lennings,
chief executive of the substantial GHH

TABLE Ill Investment Planning According to Size of Companies, 197680

Reasons for investment Companies Companies Companies Companies
under 50 50-200 200-1,000 1,000 and
Employees Employees Employees upwards
00 0/0 °o 0/0

Rationalization 741 84.6 91.3 96.0
Technical development 53.4 63.0 69.5 76.3
Improvement of quality 33.7 51.7 57.0 63.4
Changing structure of demand 29.2 32.3 385 43.6
Change to new methods of

production 22.5 28.4 37.0 50.3
Conversion/Extension of

production pattern 23.6 30.3 36.0 41.0
Improvement of conditions

of work 220 25.3 319 47.6
Environmental protection 143 23.2 33.7 55.4
Energy and raw material

cost increases 19.7 21.0 26.3 345
Too small capacity 9.4 121 11.9 133
Scarcity of labor 11.3 10.3 11.6 9.3
R & D plant 2.3 49 114 28.1

S 10

© 1979 SCIENTIFIC AMERICAN, INC

ADVERTISEMENT

engineering group, such exports are es-
sential to maintain production capacities,
even at the risk of technology transfer.
For even if this enables the overseas cus-
tomer to manufacture his own plant and
machinery —and inthishe agrees with Dr.
Friderichs of Dresdner Bank — it acts as a
spur to the German manufacturer to up-
grade his own products and offer even
more sophisticated ones in the custo-
mer’s home market.

A further criterion of technological
progress is productivity. According to the
Federal Economics Ministry, new tech-
nology is responsible for about three-
quarters of the increase in productivity:
the fact that over a five-year period in the
1970’s productivity had increased at an
annualrateofonly 3.8 per cent compared
with 5 per cent in the 1960’s may be a
further sign of a slow-down in technologi-
cal advance.

Yet an analysis of 3,400 German
companies of all sizes carried out by the
IFO economic research institute shows
that technological development rates
fairly high in the forward planning of in-
dustry. The analysis, as Table Il shows,
also reflects the significance of size in the
companies’ investment intentions.

The table points to some interesting
facts, including the not unsurprising one
that the larger the company, the more it
invests in technology — technical de-
velopment, quality improvement,
changes in methods and patterns of pro-
duction, improvement in working and en-
vironmental conditions, energy saving
and new R & D plant. More remarkable is
the relatively low percentage of even the
largest companies intending to invest in
energy and other raw material savings
and in new R & D plant.

Perhaps the shock of the energy
crisis of 1973/74 may have worn off by
the time the survey was taken, in 1976;
resistance to nuclear expansion which
has virtually paralyzed the building of new
nuclear power stations in the last four
years was less evident; and the revolu-
tion in Iran had not yet taken place. It is
therefore possible that a more up-to-date
survey would show significant changes.

The role of the StateinR & D

As Minister Hauff says in his
Foreword, Government promotion of re-
search and development in industy — DM
4.2 billion last year, or 23 per cent of total



Advanced Technology.
We've made it

our business.

Today, as throughout its 140 year
history, Krauss-Maffei owes much
of its success to the consistent appli-
cation and continuous development
of the latest technologies. That's
why each one of this Munich ope-
ration’s five divisions is a world-
wide leader in its field.

Krauss-Maffei builds machin-
ery and vehicles for the most
demanding applications. But
sophisticated engineering and
dependable quality are only part
of the story. Krauss-Maffei supplies

not only individual machines and vehicles,
but complex systems as well. And the firm's
technological know-how is extensive
enough to provide solutions for a myriad of
engineering problems.

Take the Porsche 928, for instance. It rear
section and taillights are manufactured on
Krauss-Maffei plastic molding
machines. An innovator in this field for
more than fifty years, Krauss-Maffei today
offers a complete line of products ranging
from injection molding machinery,

extruders and polyurethane foam equipment
to complete manufacturing installations.

In the field of transportation,
Krauss-Maffei is actively involved in
shaping the future of railroad technology.
Not only by developing and manufacturing
locomotives of every size and description
and producing electronic feedback control

systems for safe and
economical railroad
operation. But also
through intensive research in such
areas as determining the practical limits of
the wheel-and-rail system and developing
new transportation systems operating on the
non-friction principle of magnetic levitation.

Casting and forging have long been
Krauss-Maffei specialties. Particularly the
production of complex, hard-to-cast parts.
Or the manufacture of ready-to-install
rollers possessing the high degree of surface
precision required by the plastic, rubber,
paper and steel industries.

Over 5,000 intermediate and finished
products are processed with the help of
Krauss-Maffei filters, dryers and centrifuges.
The process engineering division
supplies equipment for the mechanical

and thermal separation of liquids and solids
for the chemical, pharmaceutical and
mining industries as well as for fertilizers,
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plastics, foodstuffs and reclaimable waste
products.

Another complex field of concentration is
military technology. A weapon system
as sophisticated as the Leopard 2 tank is the
result of a concerted analytical approach
taking every technologically practicable
option into consideration. But there’s more.
Training, testing and maintenance
equipment, for instance. Modification . ..
modernization . . . logistical support and -
for Krauss-Maffei as Chief Contractor -

the mammouth task of coordinating the
shipments of more than 1,500 subcontrac-
tors for series production.

Krauss-Maffei
Aktiengesellschaft
Krauss-Maffei-StraBBe 2
8000 Miinchen 50
West-Germany
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expenditure — is largely indirect, carried
out in sponsored projects by private en-
terprise.

Direct promotion is limited to fields,
such as aerospace or energy, where
large investment over long periods is re-
quired, risks are high and demand needs
to be built up.

In view of resistance to nuclear
power by sections of the public as well as
certain local authorities, the Government
has considerably stepped up its support
for non-nuclear sources of energy such
as district heating, conservation mea-
sures, the use of waste heat and projects
in search of renewable sources such as
solar and wind energy. While in 1972
support for nuclear research, DM 789
million, compared with a mere DM 10
million for non-nuclear energy projects —
a ratio of 79 to one — by last year support
for non-nuclear research rose to DM 406
million as against DM 1.1 billion for nuc-
lear projects, a ratio of rather less than
three-to-one. By 1982, the margin should
narrow further, with the rate of increase
for non-nuclear research more than four
times that of the nuclear one to reach a
ratio of two-to-one.

Under the medium-term plan for
““modernizing industry”’, the Govern-
ment is providing support to the tune of
around DM 9.8 billion over the three-year
period 1978 to 1980 under the headings
shown in Table IV.

Other major areas of Government
support include safety and environmental
research, the ‘“humanization” of work,
transport and — a substantial item — the
raising of scientific performance overall.

Looking further ahead in its latest
report, the Ministry for Research and
Technology wants to see the German
electronics industry among the world
leaders by 1982. (In 1977 around 90 per
cent of all microprocessors and semi-

conductor storage were sold in Germany
by foreign companies). Hence, the Go-
vernment is stepping up aid to this
vital sector, particularly to small and
medium-sized companies, through
sponsored research, a new technological
advisory center as well as tax allowances.

Total expenditure on R & D by the
Ministry over the period 1979-1982 will
exceed DM 25 billion in order, the report
indicates, ‘to give new impetus to the
further modernization of our economy,”
including innovation *‘on a broad front”
leading to new production processes.

However, the report adds, the Minis-
ter for Research “‘may only provide the
initial thrust — help to self-help. Business
must take responsibility for further de-
velopment.”

At the same time, as Minister Hauff
has emphasized, it was the Govern-
ment's duty to safeguard employment,
especially in view of the additional one
million young people leaving schools and
universities by 1985. There must there-
fore be alimitto the transfer of production
abroad, opportunities left for technologi-
cally less developed products and time
provided for the necessary adjustments
in such industries. For these reasons
alone, he says, ‘‘the modernization of the
economy, including industry, is a top
priority for the Government.”

German technology:
some comparisons

The rising proportion of the German
GNP being invested in research and de-
velopment by Government and industry
over the past decade has been noted

TABLE IV R&D Support by Government for Modernization of Industry

(In DM millions)

_ltem 1978 1979 1980
Energy and Raw Materials 1,718.2 1,868.5 1,921.8
Data processing 310.0 314.0 320.0
Telecommunications and

Electronics 149.6 159.2 160.2
Key Innovative Technologies 367.4 387.9 403.1

] Space Research and Technology 554.0 571.0 585.0

~ TOTAL 3,099.2 3,300.6 3,390.1
Total Government expenditure on
R&D 7,748.5 8,021.3 8,183.7
for Industry 40.0% 41.4% 41.4%

SKI2
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above. Although the impetus has slowed
down somewhat after 1975, evidence
points to German R & D input as a share
of GNP reaching par with that of the US
which had a long lead as recently as the
early 1970’s. This should not, however,
disguise the fact that the absolute R & D
expenditure in the US is still considerably
higher.

R & D expenditure by itself does not
of course guarantee technological pro-
gress, let alone company profitability.
Nevertheless, the link between R & D
expenditure on the one hand and total
sales, exports and productivity on the
other, has been clearly established: and
so has the high rating given to technolo-
gy-based investmentin the forward plan-
ning of German companies, particularly
the larger ones. Significant, too, is the
speed with which the fruits of research,
invention as well as innovation, are de-
veloped and translated into finished pro-
ducts and, eventually, into worldwide
sales.

Such comparisons are notoriously
difficult, particularly as invention and in-
novation — especially the latter — seldom
occur in a single country, let alone a
single company. Moreover, the time-
scale and diffusion of products from in-
vention to worldwide sales are difficult to
measure objectively, even if the starting
points, processes and products are
clearly defined.

It has been estimated that all but 5
per cent of the people employed in Ger-
man industry’s R & D are engaged in ap-
plied research which is a higher propor-
tion than in most other industrial coun-
tries, including the US. This does not
mean that Germany lags behind in basic
research as a great deal of such research
is carried out in universities, technical
colleges, scientific and research insti-
tutes. It does signify though that R & D in
German industry has a highly practical
bent which would seem to suggest that
while German companies may not always
be first in the field with a product or pro-
cess, once these surface in the market
and achieve some success, the Germans
are quick off the mark in exploiting them.

In support of this theory, Minister
Hauff has expressed the hope that the
German computer industry will be “inter-
nationally competitive” in the early
1980’s. At present Germany imports
more than 90 per cent of its microproces-
sors, mainly from the US — and this in
spite of the Government contribution of
DM 3.7 billion to investment in data pro-
cessing so far. But, says Minister Hauff,
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Siemens has increased its share in the
German data processing market from 6
per cent to 20 per cent in the last few
years and now has a market share of 7 per
cent in Europe.

As for profitability, in the last annual
report of Siemens, Dr. Plettner proudly
points to the fact that the data processing
side of the business had made a profit for
the first time ever.

All the same there is no denying the
fact that IBM is still ahead in the German
computer market, let alone the European
or world markets. Some German indus-
trialists are sceptical whether this lead
could be seriously cut down or eliminated
altogether in the short term, especially as
Japan has emerged as a formidable new
competitor (particularly in the application
of micro-electronics) in a broad range of
industries.

Dr. Egon Overbeck, chief executive
of the Mannesmann steel and engineer-
ing combine, recently told businessmen
in New York that while the Europeans
widely adapted and even improved on
technologies originating in the US, he
doubted whether they could shake US
domination in certain fields, such asreac-
tor techniques, aircraft construction,
communication and semi-conductor
technologies.

In the motor vehicle field, Professor
Dr. Zahn of Daimler-Benz sees big US
investment as the main threat. He pre-
dicts ““a new generation of automobiles
from General Motors and Ford, backed by
an investment of $50 billion, to hit the
world markets in 1980/81.

But while accepting a US lead in cer-
tain disciplines, Dr. Overbeck has also
pointed to other sectors of industry, in-
cluding Mannesmann’s own business,
where Germany may claim a technologi-
cal edge. Among these, in his view, are
engineering, steelmaking and the up-
grading and conversion of coal, including
gasification and liquification.

Dr. Overbeck’s views are certainly
based on long, broad experience and
success. There have also been a number
of studies attempting to put such interna-
tional comparisons on a more scientific
basis.

The two cited in this report, one a
joint survey of some 20 technologies
conducted by the German center of the
Battelle Institute and the IFO research in-
stitute of Munich, * the other a seven-na-

* Development trends in production and manufac-
turing processes in the Federal Republic of Ger-
many: Opportunities for a State research and
technology policy, Volume Ill, December 1975.
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tion survey of certain key industries (with
IFO participation)* * have come up with a
number of significant findings, in some
cases confirming, in others casting doubt
on existing notions of comparability. They
are slightly out of date, having been pub-
lished late in 1975 and in 1974 respec-
tively: the pace of industrial change has
accelerated considerably since the war.
(For instance, 45 per cent of Siemens’
entire output in 1977/78 consisted of
products less than five years old.)
Nevertheless the surveys still retain
some relevance to the main theme of this
report.

The first study makes a special point
of the technological linkages that exist
between industries, products and appli-
cations. For instance, computerized
numerical controls of plant, machinery
and tools (which are a subject of the sec-
ond study as well) are being used in in-
dustries as diverse as engineering,
foundries, textiles and rubber. Measuring
devices and processes, now increasingly
incorporating computers and micropro-
cessors, spread across virtually the
whole field of manufacturing. High-preci-
sion inspection systems overspill from
aerospace into the automotive industry.
Modular control systems are shown as

* Diffusion of new industrial processes, Cambridge
University Press, 1974. German edition, Duncker
and Humblot, 1978.

being used by the manufacturers in their
own production as a sales point or model
to their customers.

The second study’s method of com-
parison is not so much the discovery of a
product or manufacturing process but the
time-scale which separates innovation
and prototype from large-scale produc-
tion and marketing. In control systems for
machines, it finds that although the US as
well as the United Kingdom, Austria and
Sweden had a head startin its first use, by
1968 Germany had drawn at least level,
except in electronics and the aircraft in-
dustry. In both, as Dr. Overbeck has as-
serted, the US enjoys technological as
well as volume superiority. According to
the first study wider application and use is
one of the factors in the US and also Ja-
pan still having an edge in the spread of
electronic systems, controls and proces-
ses.

Dr. Overbeck has pinpointed con-
tinuous casting in the steel industry as
one in which Germany has played a lead-
ing role. The seven-nation study confirms
that although Germany had made an early
but relatively slow start, by 1969 it was
using the process to a greater extent than
any other steel producer except Sweden
but including the US. In oxygen steel-
making, another major post-war innova-
tion, Germany was on a par with the US
and Japan in terms of proportion of total
tonnage produced by this process, and
ahead of the rest.

TABLE V Germans Among the Top Industrial Companies in the World *

Rank Cor_nparE-

Sales 1977

Headquarters
($ billion)
1 General Motors Detroit 54.96
2 Exxon New York 54.13
3  Royal Dutch/Shell London/The Hague 39.68
20 Siemens Munich 10.64
21 Volkswagenwerk Wolfsburg 10.41
24  Hoechst Frankfurt 10.04
30 Bayer Leverkusen 9.22
31  BASF Ludwigshafen 9.12
34 Daimler-Benz Stuttgart 8.63
37 Thyssen Duisburg 8.33

IN ELECTRICAL/ELECTRONICS Siemens is fourth after IBM, General Electric, ITT (all US) and Philips

(The Netherlands).

IN THE AUTOMOTIVE- INDUSTRY Volkswagenwerk is fourth after General Motors, Ford and Chrysler
(allUS). * * * Daimler-Benzis seventh after the above-mentioned four, Renault (France) and Toyota (Japan).

IN STEEL, Thyssen is third behind US Steel (US)and Nippon Steel (Japan).

* Fortune, August 14, 1978.

* The VEBA group of energy, chemicals, etc. which has usually been at ornear the top of German com-
panies in terms of sales, is in the throes of reorganization following a deal with Deutsche BP.

* The list was compiled before the merger of Peugeot-Citroen (35th) with Chrysler Europe.
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Another basis for technological
comparison is the external balance of
fees for licenses and patents. The latest
figures published by the Deutsche Bun-
desbank purport to show that Germany’s
deficit increased steadily, from DM 409
million in 1969 to DM 1,117 million in
1977. However the bank also indicates
that within that figure home-based com-
panies had a sizeable (DM 262 million)
surplus while others in which foreign en-
terprises had a substantial stake incurred
a deficit of DM 1,379 million.

As already indicated, practically all
the research by international companies
dominating the German oil scene is being
done at their own home base for which
their German associates pay a license
fee. The same applies, to a lesser extent,
to the international electronics industry in
which such companies as IBM, ITT or
Philips have a strong German represen-
tation.

Indeed, the Bundesbank’s interna-
tional comparisons for 1976 reveal that
apart from Great Britain (which had a tiny
surplus), the only countries with substan-
tial positive balances in patents, inven-
tions, processes and authors’ rights are
the US and Switzerland, the latter no
doubt as a result of its powerful phar-
maceuticals industry.

As much as 83 per cent of the total
US surplus of DM 9.8 billion had come
from transfer license payments: in other
words from foreign associates and sub-
sidiaries to the parent companies.

Exciting prospects
for electronics

“Electronization”, a term used in
Siemens’ latest annual report, is one of
the most spectacular, exciting, fastest
growing and changing aspects of modern
society. The changes are so fast that
forecasts and even current estimates
vary widely, not least because the defini-
tions and data themselves often vary ac-
cording to who compiles or forecasts and
for what purpose.

What is undeniable is that elec-
tronics — computers, microprocessors,
automated systems, semiconductors, etc
—are applied at an ever-increasing rate in
industries and services. Furthermore, all
estimates and forecasts agree that the
US is maintaining its early lead in the
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world markets and companies like IBM
outsell their non-US competitors even in
their own domestic markets.

There is a rush of new companies,
again mostly from the US, offering micro-
processor applications and computers,
thus underlining the US lead in this
newest and most innovative sector of
electronics.

The question arises: why do Euro-
pean manufacturers not co-operate in
countering US domination in this tech-
nologically advanced field?

There has indeed been an attempt
by Siemens of Germany; Philips of the
Netherlands; and Cll of France to join in
the computer sector of the market and so
challenge IBM’s supremacy, at least in
Europe. The attempt has failed, not least
because of the incompatibility of the part-
ners and products and, in the case of ClI,
intervention by the French Government.

As for microelectronics, Siemens,
Germany'’s leading electrical/electronics
concern and the world’s fifth largest in
terms of sales, recognizes in its latest an-
nual report that Germany still has some
leeway to make up.

It estimates that only 13 per cent of
electronic components used in Germany
are microelectronic, half the proportion of
those in the US. “If microelectronics is
not applied rapidly and extensively, there
is adanger that in the long term entire in-
dustries may lose their competitive-
ness,” the Siemens report says.

Although data processing and elec-
tronic components by themselves oc-
cupy a relatively modest place within the
total sales of Siemens and of AEG Tele-
funken, Germany’s other major electri-
cal/electronics group, the signs are that
applications in the main volume products
of electrical and power generation
equipment and telecommunications are
very much on the increase.

Dr. Bernhard Plettner, Siemens’
chief executive, believes that eventually
all mechanical steering and control of
motors will be replaced by electronics. It
is one major reason why 70to 80 per cent
of Siemens’ impressive research effort
has been integrated, thus cutting across
the boundaries of the group’s seven
operating divisions.

In 1977/78 Siemens’ R & D expen-
diture amounted to DM 2.3 billion, or 8
per cent of the group’s total worldwide
sales. It was the largest of any single
company’'s in Germany and alone
amounted to 12.5 per cent of all industrial
R & D in the country.

Furthermore, Dr. Plettner adds, in



spite of substantial contributions from the
federal Government, about 90 per cent of
the group’s R & D effort is self-financed.

The significance of microelectronics
for the group is underlined by the micro-
processor school founded in 1976, which
is part of its customer service and which
trained nearly 5,000 people from client
companies up to the end of last year.

Dr. Plettner sees the principal appli-
cations in microelectronics in telecom-
munications, automobiles (of which more
later), household appliances and en-
gineering. Siemens and AEG are in-
volved in all these fields: and he reckons
two-thirds of all industrial employees in
Germany will be affected by the advance
of microelectronics over the next ten
years.

Although at present a high propor-
tion — some say over 90 per cent — of sili-
con ‘‘chips” used in Germany are im-
ported, Dr. Plettner recognizes the need
for home-produced chips, precisely be-
cause of growing significance of
“miniaturization’ in electronics.

Dr. Walter Cipa, chief executive of
AEG Telefunken, shares this view. The
intrusion of microelectronics into nearly
every sector of industrial life, he said re-
cently, had a profound effect on industrial
change.

In addition to power generation
and telecommunications equipment,
Siemens and AEG are among the world
leaders in the application of automated
systems for all forms of transport, includ-
ing air and spacecraft, ships, railways and
motor vehicles. In some ofthese applica-
tions they claim to be ahead of the com-
petition: for instance a world lead in mod-
ular display units for pilots incorporating
separate or integrated minicomputers is
claimed by AEG research chief Dr. Horst
Nasko.

The AEG Telefunken group, a fam-
ous name in industrial history, has gone
through a lean time in recent years, re-
cording substantial losses and paying no
dividend since 1974.

Its difficulties have been due partly
to an unsuccessful entry into the nuclear
power station marketand the subsequent
partnership with Siemens in the con-
structors Kraftwerk Union (to be dealt
with separately in a later section). The
partnership was eventually dissolved,
with KWU now a wholly owned subsidiary
of Siemens, but AEG has had to pay sub-
stantial compensation for losses as well
as its share in the business.

AEG has also been feeling the effect
of fierce competition in other fields, no-

tably in office equipment, consumer elec-
tronics and television, from the US (in the
first one), Japan and other Far Eastern
nations. lts association with Nixdorf to
penetrate the larger end of the computer
market has also been unsuccessful.
Nevertheless, despite its troubles
and the subsequent streamlining of
AEG's activities, R & D expenditure is
being steadily increased, with DM 930
million or 6.7 per cent of the turnover
spentin 1978. “We have to do this to stay
competitive at home and abroad,” says
Dr. Nasko. Like Siemens, AEG has to ex-
port to live while protecting, as faras pos-
sible, its domestic markets both in what
he calls “bread-and-butter” items such
as power station equipment, turbines,
generators, control gear but also in the
increasingly tough and sophisticated
areas such as automation systems for in-
dustrial plant, electronics for seagoing
vessels and steel mills and complete en-
vironmental protection systems.

Specialists

As already noted, Siemens and
AEG, like their great international rivals,
General Electric and ITT in the US and
Philips in the Netherlands, are broadly
based groups, with data processing only
a part —though an increasingly significant
part — of their business. On the other
hand, Nixdorf, one of Germany’s fas-
test-growing companies — almost 75 per
centincrease in sales between 1974 and
1978, to exceed DM 1 billion for the first
time — operates solely in the data proces-
sing field.

It was a deliberate decision by this
post-war company’s optimistic and
dynamic founder, Herr Heinz Nixdorf, to
attack a segment of the market where its
comparatively modest size is of least dis-
advantage. Nixdorf manufactures com-
puter systems for the small and
medium-sized user, with an upper price
limit of $ 200,000. It also supplies, if de-
sired, terminals, peripherals and other
support for large computers installed by
the big international companies. As ajus-
tification of this policy, Nixdorf claims a 35
per cent share in the German market for
computer systems costing less than DM
250,000 which is, owing to miniaturiza-
tion and rapid fall in prices, the fastest
growing segment of the market.

Although the company spends the
equivalent of 7 per cent of its annual sales
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on R & D, the emphasis is on service to
customers. ““We are a bridge between
our customers and technology,” says
deputy chief executive Herr Klaus Luft.
Nearly two-thirds of the company’s total
workforce of 9,500 are engaged on ser-
vicing, including (says Herr Luft), ‘“the
provision of tailor-made solutions for in-
dividual customers.”

The unsuccessful AEG-Nixdorf at-
tempt to penetrate the large computer
market has already been mentioned.
Nixdorf's “people’s computers” (as the
chief likes to call them) are being offered
to banks, commercial enterprises and
public authorities. The company also has
an eye on word-processing which, Herr
Nixdorf thinks, will inevitably expand in
the wake of data processing.

Nixdorf increased its exports by 55
per centlastyear, the result being that US
sales, at $81 million, accounted for 15 per
cent of total sales.

One consequence of fast growth
was the need for additional capital. Hav-
ing rejected an approach from Volkswa-
gen, Nixdorf's capital requirement was
met by Deutsche Bank, with an eventual
buy-back option for the additional shares
issued. Some of Volkswagen's own sur-
plus funds were subsequently utilized by
the leading automotive company’s ac-
quisition of a majority holding in the office
equipment and electronics company
Triumph-Adler from its parent, Litton In-
dustries, of the US.

Grundig, like Nixdorf, is a post-war
company built up by one man. Again, like
Nixdorf, Grundig serves a distinct seg-
ment of the market, consumer elec-
tronics and television. But unlike Herr
Nixdorf, Herr Max Grundig, founder of the
company, has retired as chief executive
to become ‘“‘president for life.”

About halfof Grundig’s turnoverisin
color television, a further 18 per cent in
recordplayers. In Germany itself, Grun-
dig claims over a quarter of this fiercely
competitive market.

During the past year, Grundig has
opened (in Nuernberg) Germany'’s first
factory manufacturing exclusively video-
tape recorders. Its sole product, a four-
hour videotape with a recorder storing
two programs for up totwodays, is one of
Grundig’s answers to Japanese competi-
tion. Another one is a new color TV pro-
jector with which the company hopes to
fend off competition from not only Japan
but also the US.

Backing upthesenew as well as ex-
isting products is the technology center
which has created the module principle.
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We builtal2-cylinderengine.
We built a 8-cylinderengine.

But thefuture

has tauken our decision for us.

It takes a long time to develop an automobile. Any
serious manufacturer must begin planning ten years
ahead of production. At BMW, we have probed the future,
studying the demands that will be made of automobile
engines, checking out the chances that one concept or
another has of meeting these demands.

In the automobile of the future, luxury will never
be a justification for waste

In a special research program, BMW have devel-
oped various engine concepts through to standard pro-
duction level. Research and field tests combine to show
us the right road ahead:

We have, for instance, built and tested a 4.5 litre
12-cylinder engine. We have also used our years of ex-
perience with previous V-8 engines to develop a 3.8
litre V-8 unit. The V-12 produces about 185 DIN kW
(252 BHP), while the V-8 produces about 160 DIN kW
(218 BHP). Both engines — like the famous BMW V-8 of
the ’50s — are made of aluminium throughout.

Challenging the best to find the ideal

To match BMW’s current superb 6-cylinder unit,
and at the same to satisfy the conditions of the future,
any new engine must combine optimum power and
acceleration with minimum fuel consumption. It must be
effortlessly smooth-running, weigh as little as possible,
and take up minimum space.

Power means more than performance. It means
safety — vital safety

A car like a BMW 7 series or its competitors calls
for an output of about 140 DIN kW (120 BHP). Even driven
like a sports car, it needs no mare than about 190 DIN kW
(258 BHP). This means an engine of between 3 and
3.5 litres — a modest capacity for today, and by no means
excessive for the future. Such a capacity calls for no

more than 6 cylinders in-line — no need here for a V-8 or
V-12 unit.
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V-12: splendid but wasteful

BMW’s V-12 develops splendidly smooth and
powerful torque right up to its maximum engine speed,
But most of the merits of a V-12 only show up at very high
engine speeds - speeds which are of little vaiue today,
because high engine speeds mean very high fuel con-
sumption.

Too many cylinders mean other problems as well:
excessive weight and size, high production costs, com-
plicated maintenance. The demands of tomorrow are for
fuel economy and light, compact engines: the V-12 is not
the way ahead.

V-8 versus 6-cylinder in-line: the comparison
The main improvements-in smoothness come In.

the transition from 4 to 6 cylinders. The jump from6to8is
a minor change by comparison. So two more ¢ylinders -
mean little advantage - but significantly affect “fuel
economy. -
The basic rule is simple: the more moving parts —
or cylinders — an engine has, the more energy it takes 1o
move them. An engine with more cylinders also has more
bearing points, and so more friction to overcome. This
alone means higher fuel consumption. But more ¢cylin-
ders usually mean more weight, as well - and the extra
weight and size increase the thermal capacity which has
to be achieved after the engine has been started. The
result is again greater consumption, both initially, as the
engine warms up, and, most noticeably; in stop-go traffic..

6 cylinders in-line: the engine concept of the

future

6-cylinder engines will offer significant advan-
tages as exhaust-emission regulations become stricter.
Exhaust-gas catalysts with lambda probes are far more
efficient with 6 cylinders than with a V-8, and it is far
easier to use a turbocharger with 6 cylinders. So here,-
too, the 6-cylinder unit scores as the optimum solutaon
for the future,



Research automobile
with V-8 engine.
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* The BMW B-cylinder in-line engine is not merely
th . atnding today, but Isthe bulsotaengina for
e future.

The automobiles of the futum ‘will have lo ha
economical in every way —no matter how la
expensive. And to us, that means {metom thing: We must
find an optimum synthes!s-mu el nce and
smooth, effortless running on the one

the other.

rge, or how

. low con~
sumption, mlnirnum weight, iﬁdcompm dimanalona on

'I' achleve iﬁi Iow fuel consumption, they
muat build ilghtar-—loss ufe automabiles.

So fortomorrow's solution today, look to the BMW
,Hyllnderpomunlt Its refinement and its fuel economy

~ will represent the ideal then, as now. And the new

versions of the BMW B-cylinder that power the BMW M1

-show just what a performance range this engine and

€ porﬂse have to offer: from 204 DIN kW
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ineengine:
(277 BHP) to over 588 DIN kW (more than 800 BHP).
Study the demands of the future in terms of weight
and economy, and you will reach the same conclusions
as many motoring journalists: In the USA, the trend is
from 5 litre or 6 litre engines towards common sense and
economy. It is, after all, in the USA — where huge multi-
cylinder engines have lost their charisma as they have
lost their future — that the BMW 733i has scored its
greatest success.

In a survey of all automobiles currently on sale in
the USA — a survey conducted every four years by the

B i e Sy A
—-

W By TR R = &
=4y B .;a.rp_.- T Y

editors of the largest US automobile journal - the
BMW 733i was recently chosen as the best saloon of all.
The reason surely, is this: Efficiency is now the
dominant factor in the US automobile market.
The large BMW: standard-setter in_engineering
and design e

BMW Cars

The BMW range of fine automobiles:
the ultimate in performance, comfort
and safety.
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This provides for the majority of modules
ineach product to be interchangeable, al-
lowing fast replacement of parts and re-
medying of defects.

The automotive
industry: the drive
for automation, fuel
saving, clean air,
and safety

With well over 4 million motor vehic-
les soldin 1978, nearly half of it for export,
Germany is the world’s third largest vehi-
cle producer after the US and Japan,
ahead of all its European rivals.
Research and development has a
high priority in the industry’s budgeting.
Competition is one major but by no
means sole challenge: there is also the
threatening scarcity of energy sources
forcing the pace of fuel economy; the
ever-stricter pollution legislation and
regulations, not to speak of matters of
safety and the advent of microelec-
tronics. For Gemany, the rising value of
the D-mark against competing currencies
and the relatively high wage costs are ad-
ditional risk factors.
Germany’s leading manufacturers
react to this challenge in a variety of ways
but all acknowledge the inherent dan-
gers. Professor Ernst Fiala, management
board member of the Volkswagenwerk
(VW) responsible for R & D, sums the
task up thus:
® A reduction in the size, length and
weight of automobiles without reduc-
ing the inner space, or increasing the
inner space without increasing size,
length and weight, by optimum choice
of materials and shape of vehicle;

® Reduced air and wind resistance to
cut fuel consumption at higher
speeds, aided once again by optimum
size and shape;

® Reduced environmental pollution (air
and noise) by altering the composition
and nature of fuel (gasoline or diesel
oil) or by changing the fuel itself (al-
cohol);

® Improved quality and comfort (quieter
engine, better designed seats, etc);

@ Increased use of electronics, includ-
ingitsuseforthe engine, the electrical
parts and information for the driver;

@ Fuel economy.
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By 1983, Professor Fiala predicts,
the mainline volume-produced au-
tomobile in Germany will over the next
few years be equipped with electronic ig-
nition and carburetor, a dashboard com-
puter, an automatic braking system and
‘‘crash sensor’” (airbag).

Some of these devices are already
incorporated in higher-priced vehicles,
particularly those exported to the US
where the use of electronics is more
widespread than in Europe. In this field
the gap is seen not so much in techno-
logy but in the level of acceptance by the
motorists concerned. Says Dr. Hans
Bacher, general manager for technology
at Bosch: “It is a question not only of
price but of habit.”

Nevertheless habits are changing.
The price of new devices (particularly
through the dramatic drop in the price of
microprocessors) as a share of the total
cost should decline too, if it were not for
the fact that these devices have to with-
stand a great deal more from road condi-
tions and temperature changes in the au-
tomobile than in the static conditions of
office or factory or in the relatively calm
progress of the aeroplane.

In overcoming customer resistance
as well as road and weather hazards, au-
tomotive manufacturers work in close
touch with Germany’s biggest suppliers
of automotive electrical and electronic
gadgets, Bosch, which itself maintains
close liaison with the main equipment
manufacturers in the electrical and elec-
tronic industry, such as Siemens and
AEG Telefunken.

The integration of various electronic
controls in the vehicles is still a major
problem facing designers. Professor
Werner Breitschwerdt, the Daimler-Benz
management board member responsible
for R & D, in looking to the future has a
single instrument in mind controlling tire
pressure, ventilation, air/gasoline mix-
ture, emission as well as combining en-
gine, ignition, fuel injection and steering
controls while also catering for tempera-
ture changes ranging from minus 50 de-
grees Cto plus 120 degrees. ‘“‘But there
are still formidable problems to over-
come,” says Professor Breitschwerdt.

Last autumn the German automotive
industry achieved one of its biggest
break-throughs when the anti-blocking
system ABS, jointly developed by Bosch
and Daimler-Benz, was introduced as a
standard fixture in the latter’s higher-
priced models and also in some of the
BMW ones.

Research into the device, a major
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contribution to road safety, goes back at
least 15 years: but it was only in the early
1970’s that the problems associated with
temperature-resistant materials and the
efficient use of electronics was solved.

One deterrent to the more wide-
spread use of ABS is the cost, which may
be as high as 7 or 8 per cent of the price of
more expensive automobiles. But, says
Dr. Bacher of Bosch, a prototype already
exists for a device which may cut the
price to about one-third of the present
one without endangering safety. It may
be on offer in popular cars around 1983.

The new emission laws and mea-
sures to cut gasoline consumption in the
US in view of serious shortages also pose
problems to German manufacturers. It is
not only a question of safeguarding ex-
ports, but also of facing the likelihood of
fuel economy measures being gradually
adopted in Europe as well. German ex-
ecutives, including Dr. Karlheinz
Rademacher, BMW'’s research chief, find
some emission regulations incompatible
with fuel economy. He also deplores the
mounting volume of new legislation af-
fecting the automotive industry which, he
says, rose by 400 per cent between
1965-78.

Fuel economy

Fuel economy may, of course, be a
new concept in the US but it has always
tested the ingenuity of automobile desig-
nersin a Europe withoutlargeindigenous
energy resources. However, as Dr.
Rademacher sees it, the trend every-
where (including the US) is for “'big au-
tomobiles to get smaller and small au-
tomobiles to get bigger” which should
stand the fuel economy-conscious Ger-
man motor manufacturers in good stead.

One significant step towards fuel
economy is the adaptation of automobile
engines to diesel fuel (it is already wide-
spread in the commercial vehicles field)
which, with a relatively minor addition to
the price has already produced spectacu-
lar savings of up to 60 per cent per gallon,
particularly in city center driving. Already
45 per cent of Daimler-Benz's Mercedes
automobiles are powered by diesel en-
gines as are a growing proportion of VWs,
while diesel-powered BMWs are also in
sight. BMW has set up a diesel R&D
center jointly with the Austrian company
Steyr-Daimler-Puch and, according to
Eberhard von Kuenheim, chief executive,



BMW will enter the diesel-powered car
market “‘at the right time, with the right
capacity and quality.”

In 1978 only 530,000 (or 1.7 per
cent) of the world’s 32 million au-
tomobiles were powered by diesel en-
gines. The forecasts point to an annual
increase of 25to 30 per cent, leadingtoa
rise in the number of diesel-powered cars
six to seven-fold, to about 3.5 million by
1985, or 8to 10 per cent of the car popu-
lation. It is reported from the US that cus-
tomers are already willing to pay substan-
tial surcharges on VW Rabbits.

Atthe same time, German manufac-
turers are not neglecting the develop-
ment of traditional gasoline engines.
BMW, for instance, has a research
gasoline engine on its test bed which
aims at cutting three of the six cylinders
out while idling, and so achieve even
greater fuel economy.

As already noted, technological de-
velopments, emission legislation and fuel
economy measures in the US are of cru-
cial significance to all German automotive
manufacturers. The US is the largest
single market for the sports car. makers
Porsche which takes up around half the
company'’s total output; VW has its own
US plant for assembling Rabbits; Daim-
ler-Benzand BMW regard the US as their
major export outlet, supplying it with their
most highly “electronized” vehicles.

Indeed, Daimler-Benz’s DM 10 bill-
ion investment program, announced re-
cently, centers on the so-called ‘‘Little
Mercedes” planned primarily for the US
market. It wil, says Professor
Breitschwerdt, have a lower fuel con-
sumption, more safety, quality and com-
fort than any previous model. But, he
adds, "‘in view of the high technological
input and more expensive materials, it will
not be a cheap automobile.”

Commercial vehicles

There have been significant incur-
sions into the US recently by German
commercial vehicle manufacturers, in-
cluding Daimler-Benz and MAN, a
member of the GHH group. Here again
‘“dieselization” is the key: one of the
leading domestic commercial vehicle
manufacturers, International Harvester
predicts that in the middle-range, Class 6
truck category (from 9 tons to 11.8 tons)
alone, last year’s proportion of 8 per cent

ADVERTISEMENT

for diesel-powered engines is likely to
rise to 15 per cent by 1980 and 35 per
cent by 1985 of a predicted sale of
200,000 vehicles. This would account for
the entire increase in sales over the 7-
year period.

To participate, with its diesel exper-
tise, in the overall growth of the US truck
market, Daimler-Benz is setting up its
own assembly plant for Class 6 as well as
Class 7 (up to 14 tons) trucks in the US.
MAN has recently made an offer fora ma-
jority holding in White Motors, of Cleve-
land, manufacturers of trucks powered
solely by gasoline engines. MAN is de-
veloping an entirely new diesel power
unit which, Dr. Friedrich Laussermair,
MAN’s research chief, hopes will one day
be in a position to exploit the growing
popularity of the diesel engine in the US.

The third significant German com-
mercial vehicle manufacturer, Kloeckner-
Humboldt-Deutz, is a 20 per cent partner
in IVECO (80 percent Fiat) which has set
up its own distribution network in the US
to safeguard sales.

Traffic control

Leading German automotive and
electronics manufacturers, Bosch, the
federal Government as well as research
institutes are co-operating in a number of
experiments incorporating computer
control for highway and city traffic. The
ALl system developed jointly by
Blaupunkt (a Bosch subsidiary), VW and
Aachen College of Technology is already
on trial in the Ruhr. Parallel to the anti-
blocking system ABS, a radar collision
warning system was developed by Bosch
and AEG Telefunken which not only
warns the driver of the vehicle but au-
tomatically involves his brakes and throt-
tle. Differing guiding concepts for high-
ways are being developed by the various
auto manufacturers with Government
support, ranging from computerized gui-
dance to an electronic display road map
built into the vehicle.

As an alternative to computer-con-
trolled cars in congested city centers
buses and rail-bound mobile cabins are
being developed, again with Government
support.

A joint Bosch-Daimler-Benz-Dor-
nier project is already on trial in Essling-
en, on the River Neckar; it involves a bus
operating normally outside the pedes-
trian zone and then switching to a rail
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track with minimal delay. Systems involv-
ing cabins guided by overhead cables
have been developed by MAN, Siemens
and Messerschmitt-Boelkow-Blohm
(MBB) respectively.

Alternative fuels

The looming and, in some cases al-
ready present oil shortage, has forced
German auto manufacturers to consider
seriously the use of alternative fuels to
gasoline and diesel oil.

One such fuelis liquid gas, propane
or butane, which is a byproduct of crude
oil refining and which is already in limited
use in Germany and elsewhere. But li-
quid gas is still a product of increasingly
scarce oil: so for long-term alternatives,
the researchers are having to look else-
where.

In view of its ample coal reserves,
the only major indigenous source of
energy, Germany has already used coal
during two world wars for both automo-
tive and aviation fuels. It is, however, un-
economic in peace-time and current re-
search aims at more economic solutions.
Daimler-Benz has coal-based methanol-
fuelled vehicles on trial while VW prefers
ethanol, a “biomass’ product, in this
case based on sugar cane. The experi-
ments are being carried out in co-opera-
tion with the international oil and chemical
companies, with the objective of reducing
the disadvantages of alcohol (methanol
or ethanol) such as poor start from cold,
lower calorific value and boiling point, the
former affecting performance, the last
safety. A suitable mixture of gasoline and
alcohol is one possible solution, greatly
reducing the disadvantages while still
saving gasoline.

Hydrogen, also coal-based, is being
offered as a further long-term alternative.
Daimler-Benz proposes to couple up
household central heating systems (the
tanks containing the gas supplying heat
and air-conditioning) with “tapping” au-
tomobile fuel. The company, in co-opera-
tion with the University of Kaiserslautern,
has already tested a vehicle powered by
gasoline/hydrogen and hydride storage.

Another solution, the electric vehi-
cle, has of course been in use fora con-
siderable time in Germany and else-
where: but until the problem of storage,
replacing batteries with a more con-
venient source is found, the electric vehi-
cle will remain only a short-range, city-
bound alternative.
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Aerospace lives
onR&D

Considering the global size and im-
portance of aerospace industry, with its
huge demands on technology, advanced
thinking and cash, the German industry is
relatively modest. To speak of a **German
industry” in isolation is, however, a mis-
nomer: for it is closely integrated on the
defence side with other NATO countries
on the one hand; with other advanced in-
dustrial nations and Governments in
commercial aviation and space programs
on the other.

It is an industry which in Germany
spends, with substantial Government
support, the equivalent ofabout one-third
of its sales on R & D. The three main
companies active in this field are Mes-
serschmitt-Boelkow-Blohm (MBB), fol-
lowed by the Dutch-German VFW-Fok-
ker group and Dornier GmbH — all well-
known names in aviation history.

MBB, even at its fast rate of progress
(DM 2.5 billion are the sales forecast for
1979, a 40 per cent increase in two years)
is only a fraction of the size of, say, the
Boeing Corporation, of the US. MBB
nevertheless claims to be fully competi-
tive in its field, including the technology
incorporated both in its products and
methods of manufacture.

For instance, an analysis in a recent
issue of ‘Aviation Week and Space Tech-
nology’, a specialist US magazine, con-
cludes that among the 15 top European
companies and institutes in Europe ap-
plying computerized manufacturing
techniques, MBB is probably among the
leaders. The magazine's advice for US
competitorsis “‘tolaunch a fresh attack to
maintain the lead in an area of innovative
manufacturing technologies.”

As for products, MBB is fairly
broadly based, the range including com-
bat as well as commercial aircraft,
helicopters, missiles and spacecraft. One
employee in five in the workforce of
22,000 is a qualified engineer or scientist.

Indeed, as Professor  Gero
Madelung, chief executive, points out
MBB is one of the few aerospace com-
panies in the world manufacturing its own
helicopters (developed jointly with the
Japanese company Kawasaki), with a fu-
ture generation of transport helicopters
already on the drawing board. It is a
cooperative effort by French, Italian and
British companies as well as MBB.
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MBB'’s successful bread-and-butter
commercial aeroplane, the A300 Airbus
is the joint effort of four nations, France,
Britain, Spain and Germany. Some op-
tions have already been placed for the
sized-down version which is due to take
to the air in 1982/83. Professor
Madelung, a firm believer in European
co-operation in the aerospace industry,
adds with some confidence that “even
the smaller Airbus is only a beginning.
We’ll undoubtedly broaden our range
further as part of our strategy in facing
competition, mainly from the US.”

The Tornado multi-combat aircraft is
another example of MBB's international
involvement (British, German, lItalian). In
its other aerospace ventures such as a
variety of communication, weather and
television satellites, too, MBB co-oper-
ates closely with European companies,
Government agencies and research in-
stitutions. And while wellover 50 per cent
of MBB’s turnover is in defence con-
tracts, Professor Madelung emphasizes
that the company is spending between
DM 35--50 million from its own resources
on future development programs such as
the new generation of transport helicop-
ters.

Magnetic rail

As already noted, MBB is involved in
advanced land-based projects as well as
aerospace ones. Such a project is high-
speed trains, carried out by the Govern-
ment-backed Transrapid EMS consor-
tium whose members include MBB,
Thyssen Henschel (an offshoot of the
well-known steelmaker), Siemens as
well as a smaller company, Krauss-Maf-
fei, better known for its combat tanks.

Krauss-Maffei is, like MBB and
Siemens, based in Munich and, as chief
executive Dr. Hans-Heinz Griesmeier
points out, Leopard and Gepard tanks
comprise only a quarter of its turnover.
The company’s future depends on com-
mercial products such as advanced
locomotives, process engineering, plas-
tics machinery and others with a fairly
high technological content. “We are a
thought factory rather than manufactu-
rers’”’, is how Dr. Griesmeier describes
his company.

Membership of Transrapid EMS is a
logical step for a company whose start
way back in the 19th century was as-
sociated with locomotives.



A Tracaition or Progress

over a century ago Alfred Krupp's invention of the
seamless railway tyre made the name of Krupp known
throughout the world. The Krupp three-ring emblem,
adopted then to symbolize this invention, has since stood
for products of the highest quality and pioneering work in
the service of technical progress.

This tradition lives on at Krupp in the inventiveness
and expertise by which we develop the products and
processes of the future. Examples: coal degasification,
water desalination, effluent treatment, plant and machin-
ery for the cement, agricultural and foodstuff industries,
marine electronics and fishfinding equipment, environmen-
tal engineering, giant wheel excavators for open-cut
mining, tonnage, quality and special steels, satellite commu-
nications systems.
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Transrapid has developed a series
of magnetically “levitated” trains travel-
ing on an air-cushioned track. The latest
of these, with a maximum speed of 250
km per hour, has already run on a test
track near Emsland. A pre-prototype train
with a maximum speed of 400 km is in the
course of development.

The Deutsche Bundesbahn, the
State railways, intends to renew its
locomotive stock in the period from 1985
to 2010 which, says Dr. Griesmeier,
‘‘gives us, originally a locomotive manu-
facturer, our big chance.”” He adds that,
in addition to speed, levitated trains use
only between a third and a quarter of the
energy of trackbound trains, uses pollu-
tion-free electric power and is less noisy

A three-pronged
strategy for steel

While the world’s steel industry is
showing signs of recovery following the
steep decline in the immediate post-oil
crisis years, the leading western nations
are steadily losing ground vis-a-vis the
Communist block and some Third World
producers. In 1974, Germany's crude
steel output of 53.2 million tons, fourth
biggest in the world, comprised 7.5 per
cent of the world’s total steel production.
Last year's 41.3 million tons, slightly up
on the.1977 figure, amounted to a mere
5.8 per cent share of the world’s output.

The five leading western steel pro-
ducers —the US, Germany, France, Italy
and the United Kingdom — plus Japan
contributed 53 per cent to the world’s
steel output in 1974; by last year this
share declined to 46 per cent. Meanwhile
the Comecon countries increased their
share from 26 per centin 1974 to nearly
30 per cent last year, with the Soviet Un-
ion alone raising its share to over 21 per
cent, four per cent more than the US.

Other countries, too, especially
China (now the world’s fifth largest steel
producer) and Brazil have been making
rapid progress. For the first time South
Korea and Taiwan, too, appearas serious
competitors.

German strategy to counter the
threat to a major basic industry has been
threefold, varying from company to com-
pany in degree but common to all in prin-
ciple. It is, firstly, the maximum use of
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high technology, including automation,
process control and energy saving in vol-
ume production; secondly, a gradual
transfer from volume production to high-
quality, high-price special steels; and,
thirdly, diversification into other indus-
tries, such as plant manufacture, en-
gineering, etc, using steel as a raw ma-
terial but no longer as a product for out-
side sale.

These measures are putting con-
siderable pressure on the companies,
particularly as increased investment has
also to be directed into anti-pollution and
noise abatement measures to satisfy
tough federal legislation and resistance
by local environmental groups.

The industry has its own high-
powered and well-endowed research in-
stitute. At the same time, all the leading
companies — Thyssen, Krupp, Salzgitter,
Kloeckner, the German-Dutch Estel and
Mannesmann (which no longer considers
itself a steel company) — maintain sub-
stantial R & D programs.

Dr. Egon Overbeck, chief executive
of Mannesmann, puts the case in a nut-
shell: ““All our investments contain in-
novation: for without innovation, there is
no future.” He recalls the company’s
pioneering achievements in seamless
piping and continuous steel casting as a
proof of an innovating past.

Mannesmann is typical for the third
approach in strategy. It is still one of the
world’s largest manufacturers for steel
piping and tubing, including a substantial
share in large diameter piping connecting
North Sea oilfields with shore terminals:
but the emphasis is shifting to plant con-
struction and engineering, a sector in
which Germany is already the world’s
largest exporter. By 1983 nearly half of
Mannesmann'’s total world sales should
be in plant construction and engineering
compared with one-third in piping and
tubing.

The group’s overseas manufactur-
ing subsidiaries are expected to make a
substantial contribution to this shifting of
balance towards plant construction and
engineering from the present 15 per cent
to 22 per cent of world sales. This would
be largely as a result of expansion at the
group’s Brazilian and US plants.

However, Dr. Overbeck forecasts a
continuing high demand in large diameter
piping in the North Sea foratleast another
15 to 20 years. Mannesmann, through its
Demag subsidiary, is also involved in
what may become atemporary extension
to the oil age, the rich oil shale and sands
of North America. A 6 km long conveyor
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belt has already been delivered, hope-
fully the forerunner of many more.

Dr. Overbeck has high hopes, too,
for expansion in hydraulics in which the
group’s stake has increased consider-
ably through the acquisition of Europe’s
largest hydraulics manufacturer, Rexroth.

While the other leading German
steelmakers have not entirely followed
the Mannesmann path out of steel, they
are all diversifying along not dissimilar
lines.

The contribution of the Thyssen
group, Europe’s largest private steel-
maker, to high-speed train projects has
already been noted. Its R & D activities
cover a wide range, from numerically
controlled machining and turbine blade
improvements to corrosion protection,
non-destructive testing of metals and op-
timization of the chemical composition of
steel.

At the same time, high-grade steel
for applications as varied as strip for
motor vehicles, heavy structural steel for
icebreaking bulk carriers and nuclear
reactors is still a significant part of Thys-
sen’s business.

For the Krupp concern, special
steels have reached a turnover amount-
ing to fully half of all steel sales. Quality
and price are becoming ever more sig-
nificant factors as users, particularly
manufacturers of commercial vehicles,
turn to cheaper substitute materials, in-
cluding plastics and lower-grade steel.

Krupp, 100, is developing its already
considerable engineering side. Herr
Heinz Petry, the chief executive, has re-
cently pointed to a “fundamental struc-
tural change” in this famous concern,
from being just steel fabricators and
manufacturers of heavy machinery toone
of Europe’s foremost constructors of in-
dustrial plant.

As the group is increasingly forced
to accept local participation in plant con-
struction, this *‘dual structural change”
does not always help in filling capacity in
the German factories. "It presents a ma-
jor test of flexibility to our workforce,”
says Herr Petry.

Both Thyssen unid Krupp have major
shipbuilding subsidiaries (as has Salzgit-
ter), living under the shadow of world-
wide recession and over-capacity. This
makes continued profitability and expan-
sion of other activities, partly through a
high technology input all the more impor-
tant.

The powerful and highly diverse
Gutehoffnungshuette (GHH) group has
now completely turned its back on steel
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“WHAT WE FOUND
WITH THIS WIND TUNNEL WAS
AS GOOD AS FINDING

AN OILWELL™

— Professor Ernst Fiala,
Director of Research and Development
Volkswagenwerk AG.
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"In developing the Rabbit, we
were able to reduce its aero-
dynamic drag considerably. This
stretched itstravel range by 1.2 miles
per_gallon. we've sold a million
Rabbits. So millions of gallons of
gasoline are being saved each
year by this one research effort in

The benefits don't stop at gas
savings. This is one of the few wind
funnels in the world capable of
handling full-size vehicles and
simulafing an enormous range of
weather conditions. With if, we can
test the aerodynamics of engines
and radiators as installed in the car.
We can study interior climatization
under dynamic conditions. And we
can get a frue picture of overall air
flows and forces.

With this tunnel, we can heat the
qir stream to 113° F or cool it to -22°F
We can create wind velocities to
112 mph, rainstorms, 95% humidity,
blazing sunlight. All this in conjunc-
tion with sophis-

10 Honeycomb
flow

1 Nozzle straightener
2 Test section 11 Turbulence
3 Collector screens
4 Movable 12 Aerodynamic
insulating balance
cover 13 Dynamometer
5 Electric drive test bench
with 14 Control center,
transmission process computer
6 Fan 15 Refrigeration
7 Diffuser plant
8 Corner vanes 16 Access ramp fo
9 Air cooler test section
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the Wolfsburg climatic wind tunnel”
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ticated measurement and control
systems.

Since 1965, we have developed
all our cars withthe aid of this wind
tunnel. Among other results, we
achieved a 13% improvement in the
drag coefficient of the Dasher re-
sulting in a 4 to 5% fuel saving. By
proper shaping and placement of
the outside mirrors in the Audi 5000
and other cars, we can direct the
air stream so the side window will
stay clean in dirty weather.

In view of the fact that cars may
spend half their power output at 40
mph pushing air aside and that
power needs go up withthe cube
of the velocity, it's easy to see the
importance of full-scale aero-
dynamic studies. They will surely
have an important effect on the
world supply of fuel.

The Wolfsburg wind tunnel is
contributing to the evolution of
fuel-efficient cars and continues fo
assure the place of Volkswagen
among the world leaders in
. automotive technology.

VOLBAWAGEN OF AMESIL4 INE

cn

VOLKSWAGEN
DOES IT

W
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making. Members of the group include
MAN which has spent DM 1 billion in the
last ten years on R & D — its name ap-
pears more than once in this report —and
its interests include some of the vital ex-
port areas such as engineering and
transport, and energy which is just as es-
sential to Germany’s economic future.

“We're forced to export to survive,”
says Dr. Manfred Lennings, chief execu-
tive of the group. He appreciates that
technology transfer to customer coun-
tries may follow, which is why GHH has to
keep at least a step or two ahead in auto-
mation, mechanization and capacity
utilization.

Other metals )

Ores — copper, zinc, lead — are still
being mined in Germany, but the mining
companies have all become processors,
refiners and appliers of the metals. These
activities and the techniques developed
as aresult have inevitably led, as we shall
see, to a considerable diversification of
the companies concerned.

For example Metallgesellschaft
(MG) has diversified into products such
as plastics and rubber which compete di-
rectly with non-ferrous metals. This in
turn has led to an expertise in chemicals
on the one hand; to metallurgy and to en-
gineering on the other.

Metallurgical expertise has brought
custom and co-operation (as chief ex-
ecutive Herr Karl Gustav Ratjen points
out) from the leading automobile com-
panies among others. Ithasalso overspil-
led into what may be called the group’s
“technological flagship,”” Lurgi, which is
not only an internationally accepted au-
thority in coal technology but also a con-
siderable plant and engineering contrac-
tor. “MG earns its living with process
knowhow,” says Herr Ratjen.

The other important German mining
and non-ferrous metal group is Preussag
which has diversified into the processing
of rare metals and substances for the
electronics industry; into offshore oil and
gas exploration engineering, tooling, ser-
vices and prospecting; into firefighting
materials and environmetal protection
systems in general. A combination of
some of these activities has produced
participation in major international pro-
jects such as KBB in which Preussag has
joined forces with the German steel and
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engineering group of Salzgitter and US
partners to plan, construct and operate
underground storage for strategic oil re-
serves in Louisiana and Texas.

A third major German company
dealing in metals, in this case precious
metals, is Degussa which has, among
others, developed into a significant
chemicals and pharmaceuticals producer
as well as an originator of materials, pro-
cesses and techniques for environmental
protection.

"“We think of ourselves as producers
of specialties to industry rather than
manufacturers of mass products,” says
chief executive Herr Gert Becker. ““In our
R & D activities we try to apply our exten-
sive knowledge and experience in
chemicals and metals partly to the de-
velopment of our own technologies but
also to their use by our customers.”

One example of this knowledge and
experience is Degussa’s contribution to
the purification of vehicle fuels and ex-
haust gases by catalysts, mainly to com-
ply with strict legislation in the US and Ja-
pan. Other processes of air, water and
waste purification and noise abatement
are also among the group’s technological
achievements.

Degussa prides itself on its exper-
tise in the recycling of precious metals,
resulting in winning back as much as 20
per cent of used gold, 30 per cent of silver
and 70 per cent of platinum.

The group’s activities in the phar-
maceutical and detergent sectors are re-
ferred to in the next sections of this re-
port.

The high cost
of new drugs

Research in the pharmaceuticals in-
dustry costs substantially morethan fixed
assets or production plant, says Dr. H.
Gareis, of Hoechst. A recent survey car-
ried out by Medizinisch Pharmazeutische
Studiengesellschaft (MPS), an associa-
tion set up by seven leading German
companies, indicates that in the ten years
to 1975, these companies spent DM 3.8
billion on research, averaging 15 to 20
per cent of their total sales.

The 43 pharmaceutical substances
produced during the same period conse-
quently cost almost DM 90 million each
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The seven, who include Germany's Big
Three chemical groups — Hoechst, Bayer
and BASF (through its subsidiary Knoll) —
as well as C.H. Boehringer Son (In-
gelheim) Boehringer Mannheim, E.
Merck and Schering, represented two-
thirds of the industry’s total investment in
research of DM 1 billion in 1975, but only
31 per cent of its domestic sales. This, in
the view of Professor Dr. Jan Thesing, a
director of Merck, “‘establishes the critical
importance of exports in marketing the
results of their research.”

The survey analyzes one year's
(1975) research expenditure which
shows that the search for new sub-
stances amounted to only 31 per cent of
the total, while effectiveness and safety
absorbs fully half of it. This seems to point
to a changing attitude to drugs following
what Dr. Gareis believes to have been
“the peak period of progress,” 1930 to
1960.

“This attitude imposes one of the
very big limitations on pharmaceuticals
research,” he says. ““We are not pre-
pared to run even the slightest risk when
introducing a new drug: yet we know that
our level of scientific knowledge does not
allow us to predict ariskexactly. . . Anin-
creasing part of our research budget is
devoted to work that makes no contribu-
tionto progress. Rather it is aimed at pro-
viding security against risks with inade-
quate resources.”

Redtape, too, has grown enormous-
ly. Professor Dr. Karl Heinz Buechel,
Bayer’s research chief, complains that
while ten years ago approval for a new
drug required documentation running to
200-500 pages, documentation has now
soared to a *‘mountain four meters high.”

New drugs still trickle onto a highly
competitive and congested market. The
treatment and diagnosis of heart and cir-
culatory ailments seems one major area
of interest to all the leading companies
but also to diverse groups such as De-
gussa which, as noted, is active mainly in
the precious metals and chemicals field.
But, as Professor Buechel points out,
new applications for existing drugs is also
gaining in importance. So is the search to
reduce the risk of infection in say acci-
dents or surgery: in this area Merck
claims a significant advance.

One notable feature of the industry
in Germany is the tendency for com-
panies outside the Big Three chemical
concerns to diversify and so spread the
risks of long-term and costly research,
only one new drug emerging from up to
8,000 substances tried. Virtually all the
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drug companies are now active in other
areas: forinstance, about half the sales of
Schering, the world’s largest single pro-
ducer of the contraceptive pill, are now
generated in other fields, including indus-
trial and agrochemicals. It is to strengthen
its industrial chemicals base, particularly
in the US, that Schering recently acquired
the chemicals product division of the US
company Ashland Oil.

Merck, too, has diversified with a
growing stake in the production of liquid
crystals (in which it claims to have cap-
tured a large share of the world market)
and in chromatography

A feedstock problem
for chemicals

Germany'’s Big Three, mentioned in
the previous section, are among the
world’s top five chemicals concerns (du
Pont de Nemours of the US and ICI of the
UK are the other members of the top
group, their placings depending on the
momentary state of the dollar and the
pound sterling respectively). The Ger-
man industry’s expenditure in research
and development, almost entirely self-fi-
nanced, is expected to reach nearly DM 5
billion this year, well over a quarter of all
industrial R & D in the Federal Republic.

In addition, the industry also plans to
spend DM 5.5 billion on new plant and
buildings. And despite its growing in-
vestment in overseas locations (Hoechst
is now investing more abroad than on
their German locations), the industry still
exported more than 40 percentofits out-
put last year.

One reason for increased overseas
investment is the slow-down in growth in
Germany since the oil crisis of 1973/74.
Overall chemical sales increased by only
2.7 per cent last year and the increase
disguises continuing decline in certain
important sectors such as synthetic fib-
ers. Raw material supplies, too, particu-
larly oil, is a source of growing concern for
manufacturers, as is the downward trend
of the dollar in which much of the indus-
try’s exports are calculated.

Professor Dr. Matthias Seefelder,
chief executive of BASF, as president of
the industry’s association articulated its
concern thus: price increases for petro-
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chemicals averaged 30 per cent last year,
those for naphtha (which competes with
gasoline and of which the German chemi-
cal concerns used 14 million tons last
year) even by 35 per cent. Naphtha sup-
plies have also been affected by the in-
creased octane rating for gasoline in the
US made necessary by the reduction in
lead. This year’s oil prices are affected
notonly by the OPEC rises but also by the
surcharge imposed by Iran.

As we shall see, securing the petro-
chemicals base played an important role
in the recent VEBA-BP deal.

Much of the industry’s R & D, says
Professor Seefelder, is ‘‘defensive”,
aimed at ensuring the quality and appli-
cability of existing products. “This natur-
ally reduces the opportunity for ‘offen-
sive’ research which now amounts to
only 25-30 per cent of all R & D expendi-
ture.”

Of the rest, about half of total in-
vestment goes into ensuring the effec-
tiveness and safety of products and
further 25--30 per cent towards conform-
ing to official regulations, including en-
vironmental protection. The latter costthe
industry DM 2.7 billion in 1977 and the
trend continues to point upwards.

Price and immediate availability of oil
are not, of course, the chemical indus-
try’s sole worries. All indications point to
growing scarcity towards the end of the
century or even before: and, according to
Professor Seefelder, the time-scale of
gradually changing the feedstock for
chemicals from oil to other raw materials
is shortening.

At present 95 per cent of primary
chemical products are based on oil or
gas. In arecent statement, Professor Dr.
Herbert Gruenewald, chief executive of
Bayer, envisages no fundamental short-
term change, at least until the
mid-1980’s. However, by the end of that
decade, the trend towards coal-based
chemicals may intensify: and this may be
followed by increased utilization of oil
shale and sands.

The large-scale commercial exploi-
tation of ‘‘biomasses’” — organic waste
materials — may not occur before the next
century.

In the meantime, the oil chiefs plead
for amore rational allocation of oil and gas
supplies: the chemical industry, after all,
consumes only 6 per cent of the world’s
crude oil. One way of meeting this objec-
tive could be an acceleration of the use of
alternative fuels for motor vehicles: as
noted earlier, coal-based methanol or
ethanol from sugar cane and other crops
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are being tested as feasible alternatives
to gasoline.

Professor Gruenewald refers to the
“‘reactivation’” of coal-based chemistry —
of which more later — and forecasts am-
monia, methanol, methane and possibly
ethylene glycol as the first chemical pro-
ducts derived from coal or coal-based
synthesis gas.

He warns that the recycling of
biomasses could entail tough. competi-
tion with food crops, especially in under-
developed countries. And he advocates
an increased allocation of funds gener-
ated by ‘convenient’ and profitable indus-
trial technologies towards R & D aimed at
ensuring future supplies of raw materials.

In the meantime, economy in the
use of raw materials as wellasenergy is a
major objective of chemical companies.
Professor Dr. Rolf Sammet, chief execu-
tive of Hoechst, has given spectacular
examples of such savings: for instance,
the amount of energy used for the pro-
duction of ethylene powder at Hoechst
has been reduced to a mere one-seventh
of the 1963 levels. On the productivity
front, the output of trevira filament per
man hour increased from 9 kg in 1970 to
54 kg in 1978 and should reach 75 kg by
1980.

On the other hand, Professor Sam-
met adds, research costs have also risen
dramatically. In the 20 vyears from
1950/54-1970/74 research costs per
chemical substance rose 11.5 times and
the development period for plant protec-
tion substances lengthened from three
years to seven years.

The worldwide expansion of Ger-
man chemical companies in terms of ris-
ing foreign investment has already been
noted. Major acquisitions in recent years
include the Vyandotte Corporation (US)
by BASF, the French pharmaceuticals
company Roussel-Uclaf by Hoechst and
Miles Laboratories (also US) by Bayer.
The last one enlarges Bayer's foothold in
the US not only in its own specialist
chemicals, medical and diagnostic fields
but also in consumer products.

Bayer has made good productive
use of the sale of its share in Chemische
Werke Huels, an important German
chemicals manufacturer, to VEBA which
has thus acquired a majority holding in
that company. VEBA itself has financed
its increased holding in Huels from the
DM 800 million generated by a deal with
the German associate of British Pet-
roleum (BP). This has enabled a stream-
lining of VEBA and the amalgamation of
its chemical interests with Huels: and,
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equally important, the guarantee of 3 mill-
iontons ofoilperyearuptothe year 2000
by BP strengthens as well as secures
supplies for the group’s petrochemical
activities.

As VEBA chief executive Herr
Rudolf Benningsen-Foerder points out,
the deal has created an integrated oil
company that operates at all levels, from
drilling for oil (through the exploration
company Deminex) and its processing to
gasoline stations (through the distribution
company ARAL) and trading (through
Raab Karcher).

As for the enlarged Huels, Herr von
Bennigsen’s objective is to reduce the
present 50 per cent share of mass-pro-
duced organic and synthetic chemicals in
favor of more highly specialized and
priced products. R & D expenditure is to
be increased by 25-30 per cent to
achieve this aim which, Herr von Bennig-
sen says, stillhasto be worked out in de-
tail.

Specialization, sophistication, more
efficient conversion rates, higher tech-
nology input are, of course, objectives
shared by the entire industry. It applies to
every sector: for example, as Professor
Gruenewald points out, plastics are being
improved all the time as substitutes for
metals, not so much because there is
less metal available but because plastics
can be purpose-made, lighter, more re-
sistant to corrosion. (Plastics sales by
German manufacturers rose by over 8
per cent last year).

There is no alternative to the artificial
fertilizer, he says, but, like drugs, they
must have no harmful side-effects: ‘‘the
balance of nature’” must be preserved.
(Sales of fertilizers declined slightly last
year). On the other hand, sales of plant
protection substances — fungicides, her-
bicides, insecticides — a strong line of
business for the Big Three as well as
other chemical manufacturers, rose by
over 9 per cent: and the trend certainly
seems to justify the decision by other
companies, including Schering (see pre-
vious section) to develop it as a major
outlet.

Detergents

One important sector of the chemi-
cals industry is detergents which is the
speciality of the Henkel group. It is
Europe’s second largest manufacturer of
detergents and, in terms of sales (after



the Big Three), Germany'’s fourth largest
chemicals group. It is also Europe’s big-
gest producer of adhesives.

Henkel has been marketing some of
the world’s best known detergents and,
in recent years, it has, in co-operation
with Degussa, introduced a new product
in which the phosphate content is halved
without reducing the value of the deter-
gent.

Apart from the fluctuating prices,
imported natural phosphates are also a
considerable polluter of water. Hence the
search for a substitute ingredient which,
says Dr. Bruno Werdelmann, the tech-
nology chief of Henkel, has led to *'this
new concept’ in detergent technology.

~ Coal technology

Coal, both hard and soft, is Ger-
many’s largest natural resource not only
for energy, as we shall note in the next
section, but also as a raw material for the
steel industry, for chemicals, and, indi-
rectly, a possible substitute for oil,
gasoline and natural gas.

The Ministry for Research and
Technology estimates that German coal
reserves of both varieties are likely to last
for anything between 100 and 300 years.
This lies behind the already considerable
volume of research which has gone into
coal technology this century, partly to
supply the all-important aviation fuel and
gasoline needed by the German forces
during two world wars.

One such process with a long his-
tory, Fischer-Tropsch, is still used exten-
sively and, to some degree for strategic
reasons, in South Africa, a country with
large coal but no oil or gas resources.

Coal technology languished in Ger-
many during the years of cheap and plen-
tiful oil. It has revived in the aftermath of
the Middle East War and has gained
furtherimpetus recently by the Iran crisis,
oil shortages in the US and Ireland, the
nuclear stalemate in Germany and else-
where and, as Professor Gruenewald of
Bayer, has emphasized, by the threat to
the raw material supplies for the massive
German chemicals industry.

Among the world leaders for up-
grading, converting and processing coal
is Lurgi, a member of the Metall-
gesellschaft (MG) group. Lurgi’'swork, as
summed up by chief executive Dr. Diet-
rich Natus, is fashioned by Germany’s

own historical experience: to adapt coal
to new uses where coalis the dominant or
sole natural resource (as in South Africa)
or where oil and gas resources show
signs of drying up.

Thus Lurgi is upgrading low-grade
steam and soft coal to be used as coking
coal —an increasingly scarce and expen-
sive type of coal—in steel furnacesorasa
substitute for natural gas in the direct re-
duction of iron ore. Or coal is gasified first
to be used as a steel reduction gas or (as
already mentioned) converted into
methanol to be used in combination with
gasoline in automobiles.

Lurgi as well as Krupp have de-
signed plants for the conversion of coal
into gasoline, diesel oil and petrochemi-
cal feedstock. Sasol, the South African
company, which already uses the Fi-
scher-Tropsch process in an existing
plantisincorporating the Lurgi process in
what is expected to be the world’s largest
coal gasification plant converting 9 million
tons of low-grade high-ash coal into 2
million tons of liquids, mainly gasoline
and diesel oil. In the US several com-
panies are considering the production of
synthetic natural gas (SNG) from coal.

Several other German companies,
including those directly involved in coal
utilization (such as STEAG, a subsidiary
of Germany’s largest coal producer
Ruhrkohle), or gas production (Ruhr-
gas), are also experimenting, with Go-
vernment participation, on new me-
thods of upgrading or converting coal.
Dr. Natus of Lurgi thinks scarcity and ris-
ing prices of oil and natural gas will, in the
1990’s at the latest, force the world, par-
ticularly countries with ample coal re-
serves such as Germany, to make the
best of those large but finite coal re-
sources. ‘‘But we have to think well
ahead in high-cost, energy importing
Germany to survive,” he adds.

TABLE VI Structure of Primary Energy Consumption: 1970-78

ADVERTISEMENT

Energy:
the nuclear dilemma

If there is one major concern com-
mon to Government, public authorities
and private enterprise in Germany, it is
the question of energy. Adequate and re-
liable supply of energy is a condition for
economic growth: technology may help
towards better utilization and conser-
vation but it cannot by itself create fresh
resources.

At the heart of Germany’s energy
program for the rest of this century and
some decades beyond is nuclear power.
However, the expansion of nuclear elec-
tricity which was to have been speeded
up afterthe 1973/74 oil crisis has come to
a virtual standstill as a result of a national
debate over safety and even the need for
nuclear power.

In 1974 it had been hoped that by
1985 nuclear power would provide about
35 per cent of generated electricity and
meet around 15 per cent of all energy re-
quirements. Last year, the figures were
11 per cent and 3 per cent respectively:
but as no nuclear power station has been
sanctioned for four years and ittakes 6 to
8 years from starting construction to
commissioning reactors, the 1985
targets now seem unrealistic.

Germany imports most of its oil and
increasing quantities of natural gas: its
only major indigenous source of fuel is
coal. Table VI shows the country’s
vulnerability to external events.

Although expansion in energy con-
sumption has slowed down since the
pre-Middle East War years, from 6—7 per
cent a year to nearer 4 per cent, if fore-
casts of sustained economic growth (the
prediction forthis yearis 4 per cent) come
true, demand for energy will increase
again. The events in Iran have shown, if
proof were necessary, the very tight bal-
ance and sensitivity of energy supply and

Year Crude Hard
Qil Coal
% %
1970 53.1 28.7
1974* 51.5 22.6
1978** 52.5 7T

* Year afterthe Middle East War
** 0.6 per cent is classified as ‘‘other sources”
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demand in the western world, including
Germany.

The utmost importance of the nu-
clear issue is underlined by the creation
of anuclear Cabinet committee under the
chairmanship of Helmut Schmidt, the
Federal Chancellor. And recently Re-
search and Technology Minister Volker
Hauff presented his own energy
““scenario” of a non-nuclear future to the
Social Democratic Party of which he is a
member. To replace the contribution of
nuclear power with indigenous coal, he
estimates, would require an annual out-
put of 230 million tons of extra hard coal
by the year 2000, or almost three times
the present domestic production. Coal
production in Germany has been declin-
ing for the past 20 years because of in-
creasingly difficult mining conditions and
high wage costs. That over 60 per cent of
Germany'’s electricity is based on hard
and soft coal is only made possible by a
high level of subsidy coupled with high
tariffs. Minister Hauff’s scenario, even if
the required additional 150,000 miners
could be recruited, would obviously lead
to even higher ones.

If the goal of reduced dependance
on imported fuel were to be attained,
there seems no alternative to nuclear
power. (Indeed most of the top indus-
trialists interviewed for this report em-
phasized this view. Security of energy
supplies has been a recurring theme).

The most directly hard-hit by the
four-year standstill in nuclear power sta-
tion approvals have been the construc-
tors, such as Kraftwerk Union (KWU) and
Brown Boveri. KWU, now wholly owned
subsidiary of the Siemens group, has six
nuclear power station contracts of a com-
bined value of DM 7.1 billion, or 29 per
cent of its total, nuclear and non-nuclear
power station order book paralyzed as a
result.

What concerns Herr Klaus Barthelt,
chief executive of KWU, equally is the
possibility of a ‘“‘brain drain” of highly
qualified scientists, technologists and
engineers. “We live ten years into the fu-
ture,” he says, referring to the time which
elapses between the blueprint and com-
missioning of nuclear reactors. “There is
adanger of our technology becoming out
of date if we cannot put it into practice on
our home ground.”

That danger threatens not only
KWU, Brown Boveri and other construc-
tors. There are about 700 suppliers of
equipment, nearly three-quarters of them
small or medium-sized companies.

Dr. Hans Goehringer, chief execu-
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tive of Brown Boveri, sees the problem
from yet another angle. He puts Ger-
many’s reserve generating capacity at
around 10-12 per cent of the total which,
he says, could be used up by the
mid-1980’s even if demand rose at a be-
low-average annual rate of 3.5 to 4 per
cent which, in turn, assumes an even
lower rate of economic growth.

Meanwhile, KWU, Brown Boveriand
several other companies involved in
Germany'’s energy program forthe future
are continuing with their efforts towards
long-term, though admittedly minor solu-
tions. For instance, MAN’s energy divi-
sion is involved, in addition to delivering
gas centrifuges for uranium enrichment
for the three-nation Urenco plant in the
Netherlands, in a number of projects
concerned partly in better utilization of
fuels and partly in renewable energy
sources such as the sun and the wind.

An example of the former is the
utilization of waste heat in small diesel
generators as an alternative to district
heating whose extensive use, in the view
of Dr. Friedrich Laussermair, MAN’s re-
search chief, is limited by very high costs
and political difficulties. About a dozen of
these small, fully automatic plants, deliv-
ering around 1 megawatt (MW) of electri-
cal energy and 1.5 MW of heat, have al-
ready been installed in Germany. “Typi-
cal customers’‘ are swimming pools, of-
fice and industrial buildings and residen-
tial areas.

MAN has designed a wind-powered
unit to be built on the German North Sea
coast which could, depending on wind
conditions, deliver 3 MW of electricity or
more. The company has also begun to
construct, with a Spanish partner, a solar
farm energy plant near Madrid: and in
another experiment (in Western Au-
stralia) to couple solar energy with the
waste heatof adiesel unitand so (accord-
ing to Dr. Laussermair) ‘‘to raise the effi-
ciency of a solar farm energy plant con-
siderably.”

KWU and Brown Boveri are also in-
volved in solar energy experiments.
Brown Boveri has delivered several solar
units, the latest for the Federal Post Office
to operate in Germany’s highest peak,
the Zugspitze.

These and other projects and ex-
periments enjoy federal Government
support in the form of direct subsidies,
contracts and, when appropriate, tax al-
lowances. Some, particularly in the nuc-
lear field, are carried out in co-operation
with other members of the European
Community. An example is the SNR300

© 1979 SCIENTIFIC AMERICAN, INC

ADVERTISEMENT

280 MW prototype fast reactor being built
in co-operation with Belgium and the
Netherlands.

A 300 MW high temperature reactor
project (in which Brown Boveri is among
those participating) has, in the longer
term, the dual purpose of supplying elec-
tricity as well as process heat for, say,
gasifying hard or soft coal. It may be cou-
pled with a helium gas turbine (a proto-
type has already been built by GHH Ster-
krade) which operates at fuel efficiencies
of 80 per cent orover, nearly three times
the present average for power stations.

However, the federal Govern-
ment’s growing anxiety overdelaysin the
nuclear power program is reflected in the
already mentioned increase in the pro-
portion of aid to non-nuclear energy pro-
jects and encouragement to reinforce the
base for conventional fuels.

In the short term, the deal between
the UK-based oil concern BP and VEBA
(in which the federal Government has a
44 per cent stake) will, as VEBA chief ex-
ecutive Herr von Bennigsen points out,
help secure oil supplies (BP’s guarantee
to deliver 3 million tons of oil until 2000
has already been referred to), enable
VEBA to improve the capacity utilization
ofits remaining refineries, strengthen the
group’s downstream activities (including
the Huels chemical company, already
mentioned) and their more efficient and
profitable integration.

VEBA, one of Germany’s leading
public utilities, should thus be in a better
position to compete with the strongly en-
trenched multinational energy concerns.

But this, as said, is in the shorter
term. In the long run, Germany — like the
US after the Harrisburg, Pennsylvania
accident — will have to make a democratic
decision on the future of energy supplies.
Herr Barthelt, of KWU, does not think that
“the lights will go out” altogether in the
mid-1980’s, even if no further nuclear
power stations are sanctioned in the
meantime. On the other hand, house-
wives may be asked not to use their elec-
tric appliances on Mondays and there
could be general power cuts; but by that
time it may be too late to make up for lost
ground.
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Financing innovation
and technology

It has been noted that last year busi-
ness spent DM 14.2 billion on industrial
research and development, or 77 per
cent of industry’s total expenditure for
that purpose. There are some who be-
lieve that neither it nor the Government’s
contribution was quite sufficient to
safeguard Germany’'s continued tech-
nological excellence.

Dr. Guth, of Deutsche Bank, refer-
red to the Government’s task in the
statementcited earlier in this report when
he said that in the long run substantial
promotion of research and development
is the ““most productive cost’ that exists.
Yet, Dr. Guth emphasizes that any such
promotion must be ‘“‘on a general basis.”
The only exceptions could be high-risk,
long-term projects such as the three-na-
tion Airbus: otherwise any Government
intervention, selecting companies and
projects for R & D support was clearly in-
compatible with the free market
economy.

Large companies have, as we have
seen, little trouble in financing their own
R & D efforts. This is not always so in the
case of smaller companies.

There is, of course, (apart from the
Government) a certain amount of institu-
tional support available for innovative
small and medium-sized companies.
Four years ago Deutsche Wagnisfinan-
zierungsgesellschaft (Association for
Financing Enterprise) was set up by the
German banking community with an ini-
tial capital of DM 10 million, since then in-
creased to DM 30 million, to advance
equity capital and loans ranging from DM
200,000 to DM 2 million. The Govern-
ment on its part has undertaken to un-
derwrite 75 per cent of the losses suf-
fered by the Association, up to a maxi-
mum of 15 years. By mid-1979 the As-
sociation was expected to have sup-
ported 30 companies up to within DM 2
million of its total capital resources.
Nevertheless the banks themselves are
the first to admit that this is merely
scratching the surface. Small business
still has problems in finding venture capi-
tal.

Medium-sized companies have
another route to long-term risk capital
(which innovation inevitably involves).
They are called Beteiligungsgeselischaf-
ten (Partnership associations) in which fi-
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nancial and other institutions take up
large minority holdings and, depending
on the credit-worthiness of the new en-
terprise, the banks may provide overdraft
facilities. This form of support, however,
still presupposes substantial capital out-
lay by the innovator, though it has the ad-
vantage, as Dr. Guth points out, of being
able to part with the partnership once the
enterprise is on its feet.

Though top bankers recognize the
possibility of an “investment gap”, they
dispute its role in any ‘‘technological
gap’’ between Germany and other west-
ern nations, including the US. If there
were such a gap, says Dr. Friderichs of
Dresdner Bank, it is due more to the up-
ward trend in the value of the D-mark, the
higher wage costs, the environmental
debate which not only hinders the build-
ing of nuclear power stations butalsothe
export of nuclear knowhow. ‘‘Political
considerations such as the non-prolifera-
tion of nuclear weapon technology” — a
clear hint to objection by the US au-
thorities to Kraftwerk Union’s fuel repro-
cessing contracts in Latin America — also
hinder progress.

Dr. Friderichs admits that financing
innovation, including its attendant risks,
could be met by the banks only to **alimi-
ted degree.” He emphasizes — as does
Herr Juergen Reimnitz, management
board member of Commerzbank — that
any bank credit to innovators must be
backed by adequate security which some
such projects obviously do not possess.
““We set up the Association for Financing
Enterprise to finance enterprise, not ad-
venture,” says Dr. Friderichs.

The problem, he adds, is often not
finance but the quality of management:
“We prefer a second-class idea by a
first-class manager to afirst-class idea by
a second-class manager.”

The question of the banks using
technical consultants for assessing the
chances of innovative projects is not ex-
cluded by Dr. Friderichs; nor is the possi-
bility of establishing technical depart-
ments as have some leading US banks.
All top German banks have, after all, in-
troduced economic departments, a post-
war development. Herr Reimnitz con-
curs: ““We have no closed minds on the
subject.”

Nevertheless all top banks insist on
a “‘substantial capital base’” as a condition
for credit, whether for innovative enter-
prise or any other one. Any easing of the
credit situation would, according to Dr.
Friderichs, entail a change in banking
legislation coupled with an approval by
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the banks’ supervisory authority to create
“internal risk funds.”

For foreign contracts incorporating
high-risk long-term technical projects the
State-backed Hermes Insurance Com-
pany provides an up to 80-85 per cent
guarantee of the total price for the bank or
banks financing those contracts. (Its use-
fulness to the contractors was amply de-
monstrated after the revolution in Iran,
which put contracts by German com-
panies an estimated combined value of
DM 8 billion at risk).

Could a similar guarantee apply to
the small innovative firm undertaking
long-term product research and de-
velopment?

According to Dr. Guth any direct aid
of this kind would run against the princi-
ples of the free market. The only way to
support such projects, he believes, is the
extension of tax benefits already being
offered by the Government to small and
medium-sized firms.

Exhibitions, too,
promote technology

The promotion of technology fea-
tures in many exhibitions staged in Ger-
many, though the methods of promotion
vary somewhat.

The “multi-branch” concept is fa-
vored at one of the best known world
fairs, the annual Hanover Fair held in Ap-
ril. Herr Hubert Lange, a member of the
management board of Deutsche Messe-
und Ausstellungs AG — the exhibition
company — justifies the concept which, in
his view, combines several complemen-
tary specialist fairs within a single show
by claiming that technical buyers may,
within a single visit, find solutions not only
to their specific queries but to a whole
series of complex problems which may
arise during the visit.

For example, they may inspect not
only certain electronic components rel-
evant to their own business but also a
range of finished products and their ap-
plications to data processing in the office,
in information systems, in production
control in engineering, in conveyor or
warehouse systems and so broaden their
horizons.

The multi-branch concept, says Herr
G. A. Voment, Hanover Fair general man-
ager, saves the buyer time as well as ex-



pense and at the same time enables him
to establish contacts for which he would
have hadto visit several fairs. Similarly, it
offers the exhibitor the advantage of
showing his products to an audience
much wider than he would if he had
spread his resources over a series of
specialist fairs.

Nevertheless, Hanover organizes
specialist exhibitions as well: both con-
cepts will be combined when Hanover
stages fairs on behalf of entire countries,
Brazil next year and Greece in 1981 (to
coincide with that country’s entry into the
European Community).

Brazil already boasts of associates
and branches as well as joint ventures
with several leading German companies.
The 1980 exhibition, says Herr Voment,
is designed to show the extent to which
Brazil has already become a supplier of
components and parts to Germany, one
of the outstanding examples of transfer
technology from Europe and the US.

As an economically decentralized
country, like the US among others, Ger-
many has a string of cities and towns run-
ning exhibitions, some of which dispute
the validity of Hanover's preference for
the multi-branch concept. In this year’s
program for science and technology-
based fairs, one finds Munich concentrat-
ing on single themes such as surgery, of-
fice equipment, laser optics, computer
systems and their applications, electronic
manufacturing.  Duesseldorf  shows,
among others, information systems,
educational aids, hospital equipment, the
world of medicine, iron and steel technol-
ogy, industrial heating systems, plastics
and synthetic rubber. Dortmund offers
consumer electronics and office data
processing; Essen the role of chemicals
in power stations and at a separate fair,
the associated pollution problems;
Nuernberg shows energy concepts;
Frankfurt (@ major exhibitor of consumer
goods) chemical plant and, of course,
stages the annual auto show.

According to Dr. Walter Marzin,
general manager of the Munich fair, while
composite exhibitions have a certain
value to visitors from faraway countries
and to State purchasers (such as the East
Europeans), specialist fairs have the at-
traction of being up-to-date and more
concentrated. They are normally staged
only every two years or even less fre-
quently, are extremely well attended and
also have the advantage of developing
from the “explosive growth” of certain
science-based industries such as elec-
tronics.

Hence, says Dr. Marzin, data pro-
cessing in the office is deliberately sepa-
rated in Munich from electronics in manu-
facturing. Systems shows — pure soft-
ware, dealing with computer applications
— “‘are organized 100 per cent by users’
groups’’; medicine, banks, public au-
thorities. Similarly laser optics are shown
with the strictly practical objective of ap-
plication rather than a theoretical exer-
cise.

Duesseldorf, in the heart of the
Rubr, Germany’s industrial power-
house, is equally ‘‘user-orientated”’, with
certain exhibitions — such as this year’s
IMPRINTA, an information systems fair
showing computer-controlled printing
plant and composition — spaced as far
apart in time as five years.

Some of these specialist exhibitions
attract up to 300,000 visitors, 40 per cent
of them foreigners which, in the opinion
of Herr Karl-Heinz Wismer, one of the
managers, justifies specialization as well
asthetime lag. “'It is difficult to produce a
series of innovations at annual intervals,”
says Herr Wismer.

West Berlin, Greater Germany’s
capital but now a sadly dividedcity, is also
a prominent exhibition city. To a greater
extent than any of its German rivals, Ber-
lin shows not only industries and their
products but also sells itself as a prime
industrial and technological location. It is
to serve this twin objective that the new
vast International Congress Center, one
of the largest and finest in Europe,
opened its doors in April this year.

As a western outpost deep in Com-
munist East Germany, Berlin is heavily
subsidized by the federal Government. It
enjoys special tax rates and allowances,
investment grants and special funds from
both German and European institutional
sources.

The city already boasts of around
160 centers of learning and research in
the form of universities, higher education
and research institutions as wellasa sub-
stantial presence of high-technology in-
dustries. Between 25 and 30 per cent of
Berlin’'s manufacturing output comes
from the electrical and electronics indus-
try, the plants including those of
Siemens, AEG-Telefunken, Osram and
Bosch. The capital equipment industry is
the next largest.

As we have seen, one of Germany’s
leading pharmaceuticals and chemical
companies, Schering, has both its head-
quarters and main production facility in
Berlin. The company has recently com-
pleted a DM 600 million project compris-
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ADVERTISEMENT

ing new and extended office buildings
and laboratories, thus creating what
amounts toa ‘‘new industrial town’" in the
city’s Wedding district.

Foreign companies have a fair re-
presentation in Berlin, with more than 5
per cent of its manufacturing workforce
and 6 per cent of its sales originating from
subsidiaries and associates of US cor-
porations. (These include IBM, Gillette,
RJ Reynolds Industries, ITE Imperial and
Litton Industries).

Just under a year ago, supported by
the Federal and city authorities, the local
chamber of commerce and the banks,
Berlin set up its own promotion agency,
Wirtschaftsfoerderung Berlin GmbH. It
has, according to a spokesman, the ad-
vantage of being a private organization
which is able ““to cut corners” in its deal-
ings with companies interested in a Berlin
location. In other words, it can act more
quickly, flexibly and decisively than a
public authority: an advantage which this
“island city” badly needstohaltdepopu-
lation and avert the threat of economic
decline.
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... and still going turnkey industrial and utility

strong: the seamless steel tube. plants. Mannesmann markets
Springboard for one of the its own as well as complemen-
biggest tube manufacturers in tary products the world over.
the world. But Mannesmann - Mannesmann is amongst the
makes more than just leading companies in the
tubes: machinery and equip- Federal Republic of
ment for the steel industry, Germany with more than
material handling systems, 100,000 employees and
pProcess COmpressors, « over 180,000 stock-
hydraulics, machinery for holders. And an annual
the construction  _ turnover in excess
and plastics industry, of $6 billion. @
( L
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Ask the man from & Mannesmann

Inquiries in United States Mannesmann Pipe & Steel Corporation
may be adressed to: Houston/Texas 77056

Post Oak Central Building —

Suite 2300

2000 South Post Oak Road.
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Three Lively Introductions to the Excitement
of Science and Mathematics

New for College Courses in Basic Physics

Introductory Physics

Mashuri L. Warren, San Francisco State University and
Lawrence Berkeley Laboratory

Consulting Editor: Edwin F. Taylor,

Massachusetts Institute of Technology

Teachers and students will welcome this volume’s con-
crete approach. Introductory Physics comprehensively
covers the essential topics in basic physics, with an
organization easily adapted to a wide range of courses
for beginning physics students, students in the biomedi-
cal sciences and other students in the natural sciences.

Basic concepts in Introductory Physics are introduced
with careful definitions, worked examples, and applica-
tions. Extended examples challenge the better student,
and each chapter features a review of important princi-
ples and sources for further reading. Recognizing stu-

New for Precalculus Courses

dents’ lack of full familiarity with mathematics, Mashuri
L. Warren introduces mathematical concepts gradually,
reintroducing techniques as needed.

Dr. Warren’s approach emphasizes experimental phy-
sics: the basis of measurement, units of measurement,
the evidence underlying important ideas. Introductory
Physics explains the important interplay between theory
and experiment, drawing on examples from engineering,
medicine, industry, biology, transportation, and sports.
1979.683 pages, 628 illustrations, hardbound:$18.00

Algebra and Trigonometry with Analytic Geometry

Arthur B. Simon, California State University, Hayward

“This book has three purposes: to prepare students for
calculus, to illustrate the strong relationship between
algebra and geometry, and to present some interesting
applications of mathematics.”

—from the Preface

Arthur B. Simon achieves the goals he sets forth by
making sure students get intense, active practice. In-
cluded in this book are more than 2,000 exercises,
graded in difficulty, many with answers provided.

Students will appreciate the book’s straightforward
tone and helpful organization. Each chapter begins with

New in High School and Liberal Arts Mathematics

Elementary Algebra

Harold R. Jacobs

Elementary Algebra is a complete, day-by-day algebra
course. Each lesson is suitable for one or two days’ work
and includes four sets of exercises that can be tailored
to fit students’ needs. Set I reviews earlier ideas and
techniques; Sets II and III offer parallel exercises, with
the answers to Set II in the back of the book; and Set
IV provides more challenging exercises.

Elementary Algebra offers a complete instructional
package, including a detailed Teacher’s Guide, Test

an outline alerting students to important points, and
most sections conclude with a convenient review. Each
new concept is introduced intuitively and illustrated with
several examples before an accurate formal definition is
presented.

Teachers will appreciate the flexibility of this text,
which is designed to fit the structure of a variety of
courses. The Preface suggests outlines for both semester
and quarter courses of different emphasis and duration.

1979, 533 pages, 460 illustrations, hardbound:$15.95

Masters, and Transparency Masters. Like Harold Ja-
cobs’ other acclaimed texts, Elementary Algebra not
only explains ideas with extraordinary clarity but also
captures the interest and imagination of students, who
will find themselves drawn into mathematics even if they
have resisted it in the past.

1979, 876 pages, 690 illustrations, hardbound:$12.00
Teacher’s Guide, Transparency Masters, and Test Masters.

W. H. FREEMAN AND COMPANY
660 Market Street. San Francisco, California 94104
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Hewlett-Packard computer advances

—

il | |

The HP 300. A new generation 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
development and control of dedicated on-line busi-
ness applications. It incorporates HP’s proprietary
silicon-on-sapphire (SOS) integrated circuit technol-
ogy: Exhaustively tested and refined, SOS semicon-
ductor chips give the HP 300 the related benefits of
smaller size, greater performance, and lower cost
than computers using traditional technologies. The
HP 300 is designed for office environments and plugs
into a standard electrical outlet.

The HP300canhandle up to 16 local or remote termi-
nals in transaction processing environments, and two
HP 300 Workstations with complete integrated dis-
play system (IDS) capability. Its “virtual memory”
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 IDS, greatly simplifies user inter-
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face, and enables the HP 300 to perform both as a
multiprogramming and multitasking system. For
example, the HP 300 can print reports at the same
time thathigher-priority dataentry or data base man-
agement inquiry operations are taking place at the
system’s terminals.

Eight programmable soft keys on the side of the video
display screen can be captioned to give the operatora
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 windows 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
Business BASIC, are available, as are System Lan-
guage SL/300, 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 canbe expanded to 1 megabyte of main memory
and 490 megabytes of disc storage. The HP 300 offers
the capabilities, flexibility, and growth potential of
computers costing two or three times its price.

If you'd like to know more about this new genera-
tion computer, the June and July issues of the
Hewlett-Packard Journal explore its possibilities
and technology in some detail. Just mail the
coupon, and we'll be pleased to send you both issues.
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Factory data collection made
economically viable.

With DATACAP/1000 software and HP data
capture terminals, the HP 1000 computer
can provide manufacturers with immediate,
accurate information about production qual-
ity, inventory levels, or work-in-process.

HP—no slouch when it comes to manufacturing—
has developed a factory data collection system that
meets our standards of practicality and accuracy, as
well as economics. We’ve been using it ourselves
for several months and, based on results, think it
will make its mark in the outside world.

The system is installed at one of HP’s manufactur-
ing divisions, in the plastic and metal fabrication
shop. DATACAP/1000 was designed to increase the
effectiveness of operations management. It is a
general purpose, real time data capture software
package that can be tailored to the user’s applica-
tion and installed without programming.

The user decides what information is wanted, and
what data must be captured to provide this infor-
mation. Then, through a simple, interactive pro-
cess on a display terminal, the user creates specifi-
cations for data entry transactions. These include
entry sequence, method (i.e. keyboard or card/
badge readers), validation, and storage. Data can
be stored on a disk file, an IMAGE/1000 data base,
magnetic tape, or a combination of these. Transac-
tion logging can be selected to provide an audit trail.

Data is captured and validated at the source using
HP’s new 3075, 3076, and 3077 data capture termi-
nals. The terminals are simple to operate. HP
employees typically learn to use them in a few
hours, and are comfortable with them in a matter of
days. Available in benchtop or wall-mounted ver-
sions, they come with more than 50 combinations
of options to suit each work center. A variety of
data entry methods can be used, such as keyboard,
or badge or card reading.

Up to 56 data capture terminals can belinked to the
HP 1000 and managed by DATACAP/1000 by using

i
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HEWLETT hp; PACKARD

1502 Page Mill Road, Palo Alto, California 94304

For assistance call: East (301) 258-2000, West (213) 877-1282,
Midwest (312) 255-9800, South (404) 955-1500, Canada (416) 678-9430

extend your possibilities.

one or more simple, low-cost communication links.
Each link can be up to five miles long, and uses a
single, shielded, twisted pair cable.

Instead of filling out a card, the worker now walks
to a nearby data capture terminal and pushes the
attention key. When the terminal indicates that it is
ready, the worker keys in a transaction specifica-
tion number. The terminal then runs through a
series of prompting lights which guide the worker
through the entry of data: shift number, name,
quantities, run hours, setup hours, etc. All keyed
entries are subjected to validation procedures, so
errors are caught and corrected on the spot.

As aresult, the HP division’s supervisors and man-
agers now have access to timely and accurate in-
formation on which to base operational decisions.

HP DATACAP/1000 software is priced at $3000.*
HP 3075A, 3076 A and 3077 A data capture terminals
are priced between $2090* and $4230*, depending
on the selected options.

/Mail to: Hewlett-Packard, 1502 Page Mill Road, Palo Alto, CA 94304
Please send me further information on

{ ) HP 300 computer system
{ ) HP DATACAP/1000 and data capture terminals

Name

Company

Address

City State Zip
. _/

00947

*Domestic U.S. prices only.
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Corals and Coral Reefs

Tiny coral polyps, living in symbiosis with photosynthetic

algae, build huge limestone reefs that harbor more plant

and animal species than any other ecosystem on the earth

by Thomas F. Goreau, Nora I. Goreau and Thomas J. Goreau

an’s ability to alter the surface
M of the earth is rivaled among
biological organisms only by
coloniesof tiny coral polyps, which over
aeons of geologic time accrete massive
reefs of limestone. True reef corals are
limited in geographical distribution to
the clear, warm, sunlit waters of the
tropical oceans; they are found in the
great reef tracts of the Indo-Pacific and
the western Atlantic. Reefs are im-
portant land builders in tropical areas,
forming entire chains of islands and al-
tering the shoreline of continents.
There are three major types of coral
reef. Fringing reefs grow in shallow wa-
ter and border a coast closely or are sep-
arated from it by a narrow stretch of
water. Barrier reefs also parallel a coast
but are farther away from it, are larg-
er and are continuous for greater dis-
tances; the best-known is the Great Bar-
rier Reef off the northeastern coast of
Australia, which forms an underwater
rampart more than 2,000 kilometers
long, as much as 145 kilometers wide
and as much as 120 meters high. Atolls
are rings of coral islands enclosing a
central lagoon, and hundreds of them
dot the South Pacific. Consisting of reefs
several thousand meters across, many
of them are formed on ancient volcanic
cones that have subsided, with the rate
of growth of the coral matching the rate
of subsidence. This explanation of atolls
was proposed by Charles Darwin during
the voyage of the Beagle and was con-
firmed in the 1950’s by Harry S. Ladd
and Joshua I. Tracey of the U.S. Geo-
logical Survey when their extensive drill-
ing programs on Pacific atolls hit vol-
canic rock hundreds of meters down.
Although tropical ocean waters are
impoverished in nutrients, having low
concentrations of dissolved nitrates, am-
monia and phosphates, coral-reef en-
vironments have among the highest
rates of photosynthetic carbon fixation,
nitrogen fixation and limestone deposi-
tion of any ecosystem. The reef ecosys-
tem also probably supports a larger
number of animal and plant species than
any other. The key to this prodigious
productivity is the unique biology of
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corals, which plays a vital role in the
structure, ecology and nutrient cycling
of the reef community.

The Biology of Corals

Because corals are sessile they were
for a long time thought to be plants. In
Ovid’s Metamorphoses he refers to the
coral as an organism that is soft under
water but hardens on contact with air.
(What he was actually seeing was the
death of the living tissue, which exposed
the hard skeleton.) In 1723 the naturalist
Jean André Peyssonel proposed to the
French Academy of Sciences that corals
are animals. His view was derided, and
he subsequently abandoned scientific
work. Since then, of course, he has been
proved right. Corals belong to the large
and varied phylum of coelenterates,
which are simple multicellular animals.
The phylum’s name is from the Greek
koilos, hollow, and enteron, gut, because
the main body cavity of its members is
the digestive cavity.

The closest relatives of the true corals
are the sea anemones, which corals re-
semble in basic body structure and over-
all appearance. The soft coral polyp
consists of three layers of cells and is
basically a contractile sac crowned with
a ring of six tentacles (or a multiple of
six) surrounding a mouthlike opening.
The tentacles have the specialized sting-
ing cells called nematocysts, which dis-
charge an arrowlike barb and a toxin
that stuns animal prey such as micro-
scopic crustaceans. From the mouth of
the polyp the short muscular gullet de-
scends into the stomach cavity and is
connected to the body wall by six parti-
tions (or a multiple of six), increasing
the area of the digestive surface. The
free edges of the partitions are extended
into mesenterial filaments: convoluted
tubes that can be extruded through the
mouth or the body wall.

The size of the polyps is highly varia-
ble, from about one millimeter in diam-
eter in some species to more than 20
centimeters in others. Each polyp can
give rise to a large colony by asexu-
al division, or budding. Corals also re-
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produce sexually, producing free-swim-
ming larvae that settle and establish new
colonies. The most striking feature of
coral colonies is their ability to form a
massive calcareous skeleton. Individual
coral colonies weighing several hundred
tons and large enough to fill a living
room are common in many reefs. In
most species the polyps are in individual
skeletal cups, some extending their ten-
tacles to feed by night and some partial-
ly withdrawing into the cups by day. In
the contracted condition the polyps can
resist drying or mechanical injury at low
tide, when some of the colonies may be
exposed. The skeletal cups consist of
fan-shaped clusters of calcium carbon-
ate crystals, which are arranged in pat-
terns that are characteristic of each cor-
al species.

A remarkable feature of all reef-
building corals is their symbiosis with
the unicellular algae known as zooxan-
thellae. The coral polyps contain large
numbers of these algae within cells in
the lining of their gut. The zooxanthel-
lae are yellow-brown marine algae of
the family Dinophyceae, to which many
of the free-living dinoflagellate algae
also belong. The algae live, conduct
photosynthesis and divide within the
cells of their coral host, and on this sym-
biosis rests the entire biological produc-
tivity of the coral-reef ecosystem.

Since the zooxanthellae of reef-build-
ing corals need light for photosynthesis,
such corals grow only in ocean waters
less than 100 meters deep. The corals
also require warm waters (above 20 de-
grees Celsius) and do not tolerate low
salinity or high turbidity. Where deeper
colonies are shaded by a dense over-
growth of shallower ones, the deeper
colonies maximize their light-gather-
ing capacity by growing in ramifications
like the branches of forest trees. In shal-
low water, where light is abundant but
wave stress is high, the colonies deposit
robust branching skeletons; in deeper
water, where light is scarce, the colonies
form horizontal platelike structures in
which each polyp may harbor an in-
creased number of zooxanthellae. Un-
der highly adverse conditions such as



prolonged darkness or freshwater flood-
ing it is no longer advantageous for the
coral polyps to maintain their zooxan-
thellae and they expel them from their
tissues. Since the skeletal-growth rate of
corals is dependent on their algal part-
ners, true reef-building corals are al-
most never found outside the range of
stable symbiosis.

Some coral species harbor no zooxan-
thellae; some of these species are found
in crevices under the large structures
erected by reef-building corals. Many of

DIMES REEF off the Palau Islands in the western Pacific is shown
in this aerial view. The shallow crest of the barrier reef is marked by

them are solitary cup corals such as As-
trangia, which encrusts shells and rocks
as far north as Cape Cod. Such cor-
als can tolerate lower salinities, lower
temperatures and greater depths: up to
6,000 meters in the deep sea. Even the
deep, cold waters of the Norwegian
fjords harbor great banks of Lophohelia,
a colonial branching coral. Although
these nonsymbiotic corals are distrib-
uted worldwide, their rate of growth is
much lower than that of their symbiotic
relatives, and they do not form massive
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reefs. In isolated instances colonies of
these corals do contain symbiotic al-
gae, but the algae do not appear to con-
tribute significantly to the nutrition of
their host.

The zooxanthellae are stored within
individual membrane-bound cavities in-
side each of the cells in the stomach wall
of the coral polyp. The feedback mecha-
nism whereby the host regulates the
number of its algal cells has not been
determined, but there is little evidence
that the corals “farm” and digest their

the waves breaking over it. The Palau Islands, which are part of the
Western Caroline group, are situated 1,060 miles southeast of Manila.
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MOTOROLA HELPS GET ENERGY FROM

In northern California, the natu-
ral heat of the earth is being
harnessed to serve the energy
needs of man. Natural steam,
heated

—

generators that help
light up San Francisco, 90 miles
to the south.
The place is called
The Geysers, and it's part of a
pioneering

effort by Union Oil Company of
California to make geothermal
energy a practical alternative to
expensive imported oil.

The Geysers may be an

by the —> unortho-
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industries: the
need to maintain good, reliable
communications, no matter
how remote or primitive the site.
At The Geysers, as in
many places around the world,
the solution to that problem is
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Motorola communications.

ELECTRONIC
PROBLEM-SOLVING.

One problem at The Geysers,
for instance, was the rolling ter-
rain and steep, narrow canyons,
among which conventional
high-frequency radio signals
could get diffused and lost.
Motorola solved that one with
ingenious simplicity: a low-band
two-way radio system that, as
one engineer put it, “gets into
the nooks and crannies.”

ELECTRONICS
EVERYWHERE.

But this is merely the tip of
the iceberg of Motorola's
experience in energy-industry
communications.

One of America’s largest
oil refineries has 35 Motorola




THE EARTH,THE SEA AND THE SUN.

systems and subsystems,
among which are pagers that
tell a man he's wanted on the
phone; closed-circuit video
monitoring systems; and alarm
and control systems that not
only tell when something is
going wrong, but also when
everything is working right.

In the North Sea, a
Motorola microwave system will
provide a data and voice-com-
munication link that will help
one person control six un-
manned oil-production plat-
forms. He'll be able to check
pressures and flow rates, regu-
late meters, pumps and motors,
all by touching a few buttons.

Some of the Motorola
equipment on the Alaska Pipe-
line is so sophisticated that a
hard-hat worker in the field can
talk directly to an executive in

In Canada, specially
designed

an office a thousand miles away.

Motorola equipment is in use at
an oill mine, an extraordinary
strip-mining process for extract-
ing petroleum from tar sands.

Motorola has made the
apparently impossible happen
by taking radio communication
underground into deep-shaft
coal mines.

And in solar energy,
Motorola has gone beyond com-
munications to actual energy
development. Our engineers
are producing photovoltaic
systems that convert sunlight
into electricity.

ELECTRONICS
AND PEOPLE.

Motorola's preeminence in
energy-industry communica-
tions is as much a matter of
people as of technology. We
made an early and total
commitment to solving en-
ergy-industry communica-
tions problems, not merely
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as suppliers but as participants.
Microelectronics is at
the heart of the
matter, as it is
in many of the
things we do
today. But if
there are simi-
larities among
communica-
tions devices, there are none at
all among the communications
systems that the energy indus-
tries need in all their activities.
In designing these sys-
tems, Motorola brings to bear a
combination of expertise and
enthusiasm that helps us keep
expanding the limits of what's
possible in electronics.

A microcomputer,
drawn larger
than life.

@ MOTOROLA

Making electronics history

Cow powate Offices

Algaquift Road,

Motarola and ™ Are registered trademarks of
Motofuls, Ine




STAGHORN CORAL is a species commonly found in the shallow,

colonies are robust and have short branches. In the sheltered waters
sunlit waters of tropical coral reefs. Along the reef crest, where the behind the reef crest the colonies grow taller and have longer, slen-
corals must withstand the mechanical forces of waves, the staghorn

derer branches, as is seen here. Corals always grow toward the light.

-
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LIVING CORAL POLYPS were photographed at sunset, when they
emerge to feed. By day they retract into their skeletal cups and so are

able to withstand drying if the colony is exposed at low tide. The pol-

1
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yps, which reproduce sexually and by asexual division, coat the entire
surface of the coral skeleton. They feed on small plankton animals,
which they stun with stinging cells (nematocysts) on their tentacles.
128
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algae. Instead the coral polyps seem to
control the population of zooxanthellae
by extruding the older and less metabol-
ically active algae.

Robert K. Trench and his colleagues
at the University of California at Santa
Barbara have shown that specific strains
of zooxanthellae are adapted to specif-
ic coral species. Some strains can live
successfully in several different corals,
and some corals are not discriminating
about the lineage of their symbiotic al-
gae. The fascinating problems presented
by the symbiotic selectivity of corals are
only beginning to be explored, and cor-
als provide a valuable experimental sys-
tem for the study of cellular interactions
in general.

The Physiology of Coral Symbiosis

The modern study of the physiology
of coral symbiosis began with a series
of elegant experiments done by C. M.
Yonge on the Great Barrier Reef Expe-
dition of 1929. Yonge showed that sym-
biotic corals take up phosphates and
ammonia from the surrounding sea-
water by day and release them at night.
In order to study this phenomenon in
greater detail two of us (Thomas F. Gor-
eau and Nora I. Goreau) supplied car-
bon in the form of the radioactive iso-
tope carbon 14 to reef corals. During the
daylight hours the zooxanthellae assimi-
lated the radioactively labeled carbon
and photosynthetically fixed it into or-
ganic matter at a rate that was depen-
dent on the intensity of the light. Some
of this organic matter was then “leaked”
from the algae to the coral host. Sub-
sequent work by Trench and Leonard
Muscatine of the University of Califor-
nia at Los Angeles and by David Smith
of the University of Oxford showed that
the leaked compounds include simple
nutrients such as glycerol, glucose and
amino acids. These compounds are uti-
lized by the coral polyps in energy-yield-
ing metabolic pathways or as building
blocks in the manufacture of proteins,
fats and carbohydrates.

It has long been known that the rates
of metabolic reactions are strictly limit-
ed by the rates at which waste products
are removed from' the immediate envi-
ronment. In higher animals the task is
accomplished by specialized circulatory
and excretory systems. These systems
are absent in the anatomically sim-
ple coelenterates, which rely largely on
the slow process of diffusion to remove
soluble inorganic waste products such
as carbon dioxide, phosphates, nitrates,
sulfates and ammonia. The zooxanthel-
lae, however, need for photosynthesis
the very substances the coral polyp must
get rid of, and they are believed to ac-
tively take them up from their host.

The photosynthetic demands of the
zooxanthellae therefore result in the cy-
cling of the coral’s waste products into
new organic matter. During the daylight

TWO SPECIES of the coral Agaricia growing side by side differ strikingly in shape and size.
One type has whorled fronds, whereas the other has shinglelike plates. Such complex morpho-
logical differences are produced by subtle environmental gradients, such as the decline of am-
bient-light intensity with depth. The corals are at a depth of 43 meters off Jamaican coast.

hours the symbiotic algae produce more
oxygen than the coral polyp can utilize
for its respiration, and some of the car-
bon dioxide produced by the respiratory
process is refixed by the algae into new
organic matter. In order to estimate the
efficiency of the internal carbon cycling
in corals one of us (Thomas J. Goreau)
determined the abundance in the coral
tissue and skeleton of carbon 13, a rare
but nonradioactive natural isotope, with
respect to the abundance of the com-
mon natural isotope carbon 12.

For reasons it is not necessary to ex-
plain here, photosynthesis takes up car-
bon 12 slightly faster than it does carbon
13. Hence the organic matter synthe-
sized by the zooxanthellae will have
a relative preponderance of carbon 12,
and a pool of carbon compounds en-
riched in carbon 13 will be left behind. It
is from the compounds in this pool that
the calcium carbonate coral skeleton
is built. By determining the relative
amounts of the two isotopes with a
mass spectrometer it was estimated that
about two-thirds of the carbon taken up
in photosynthesis and calcification is re-
cycled from the respiratory carbon di-
oxide of the coral polyp, with the rest
being taken up from the seawater.

Organic matter leaked by zooxanthel-
lae is only one of the three major sources
of coral nutrition. Corals are efficient
carnivores, immobilizing animal plank-
ton with the stinging cells of their tenta-
cles or trapping them on filaments of
mucus that are then reingested. A polyp
can detect a potential food item chem-
ically, and it responds by extending
its tentacles, by opening its mouth or
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by extruding its mesenterial filaments.
James Porter of the University of Geor-
gia has analyzed the content of the coral
stomach and found that the polyps feed
mostly on tiny crustaceans and worm-
like plankton that hide in the interstices
of the reef by day and emerge at sunrise
and sunset.

Studies with radioactively labeled
compounds have also shown that corals
are able to take up dissolved organic
matter across their body wall. Since cor-
als actively feed on plankton, take up
nutrients from seawater and absorb
chemicals released by their zooxanthel-
lae, they fill several ecological roles
simultaneously: primary producer, pri-
mary consumer, detritus feeder and car-
nivore. This complex food web reduces
their dependence on any single food
source, which might be subject to ran-
dom variation as environmental condi-
tions change.

Calcification in Corals

Growth in corals is achieved by an
increase in the mass of the calcareous
skeleton and the overlying living tissue.
The skeleton of corals is composed en-
tirely of aragonite, a fibrous crystalline
form of calcium carbonate (CaCOy);
calcite, the commoner crystalline form
of calcium carbonate, is absent. In the
reef many algae also deposit aragonite
or a more soluble form of calcite with
a high magnesium content. Working
in Bermuda, Heinz A. Lowenstam of
the California Institute of Technology
showed that some calcareous organisms
tend to deposit the less soluble calcite in
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the cold seasons and the more soluble
aragonite in the warm seasons, but the
mechanisms by which organisms regu-
late the mineralogy of their skeleton are
still unknown.

Coral polyps absorb calcium ions
from seawater and transfer them by dif-
fusion and by an active pumping mecha-
nism to the site of calcification. Calcium
ions are a major biochemical regulator
of cell metabolism and must be kept at
extremely low levels if the cells of a tis-
sue are to function. Although coral tis-
sues have a total calcium concentration
similar to that of seawater, the concen-
tration of free ions in them is much low-
er because most of the calcium is bound
to membranes or to organic molecules.
Lothar Bohm, working in our laborato-
ry at the University of the West Indies
in Jamaica, has shown that the calcium
bound in these organic complexes turns
over rapidly.

One of us (Nora I. Goreau), working
in collaboration with Raymond Hayes
of the Morehouse College School of
Medicine in Atlanta, recently made de-
tailed electron-microscope studies of
coral polyps. In the course of these stud-
ies minute calcium carbonate crystals
enclosed within membrane-bound vesi-
cles were observed in the outer cell layer
of the polyp. The crystals are extruded
through the membrane to the coral skel-

WORLD’S CORAL REEFS (color) can be divided into three basic
types: atolls, barrier reefs and fringing reefs. Reefs of the West Indies
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eton, where they act as nuclei for contin-
ued crystal growth. This work may serve
to clarify basic mechanisms of calcifica-
tion in the cells of a variety of organ-
isms, particularly because corals lack
the hormonal controls over calcifica-
tion that complicate these mechanisms
in more advanced organisms.

The major obstacle to the study of the
physiology of calcification in corals has
been the difficulty of keeping corals
alive and healthy in laboratory aquari-
ums long enough to make accurate mea-
surements of the calcium uptake. One of
us (Thomas F. Goreau) circumvented
the problem by measuring calcification
in situ in the living coral reef. This was
done by providing the coral with calci-
um in the form of the radioactive iso-
tope calcium 45 and measuring the up-
take of the radioactive calcium into the
coral skeleton. The method is so sensi-
tive that growth can be detected in cor-
als that have been exposed to the radio-
active calcium for only a few hours,
which is what makes field studies prac-
ticable.

Such studies have shown that al-
though reef-building corals grow under
fairly uniform conditions of tempera-
ture, illumination and water circulation,
there are very large differences in the
growth rates of different species. The
highest rates are invariably found in the
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branching corals, such as the West Indi-
an elkhorn and staghorn corals. Millepo-
ra (“fire coral”) is a close second, with
the Poritidae (“‘finger corals”) third. The
massive corals grow more slowly. In the
branching corals most of the growth
takes place at the tips of the branches,
and new branches develop almost any-
where on the older parts of the colony.

Factors Influencing Calcification

A crucial factor influencing the rate of
calcification is the conversion of respira-
tory carbon dioxide (CO,) into carbonic
acid (H,CO3), which is in turn converted
into bicarbonate (HCO3™~) and carbon-
ate (CO3 ") ions. The enzyme respon-
sible for the addition of water to car-
bon dioxide to form carbonic acid is
carbonic anhydrase, which is present
in high concentrations in corals. The
subsequent formation of bicarbonate
and carbonate ions is rapid and does not
require catalysis by an enzyme. Drugs
that inhibit carbonic anhydrase bring
about a dramatic decline in the calcifi-
cation rate.

The growth of the coral skeleton is on
the average 14 times faster in sunlight
than it is in darkness, and it can be de-
creased by drugs that block photosyn-
thesis. Even daily variations in light in-
tensity have a measurable effect on the

are primarily fringing ones. Reef-building corals are found only in
sunlit tropical waters (broken lines) because their ability to rapidly



calcification rate: the uptake of calcium
is fastest at noon on a clear, sunny day, is
reduced by 50 percent on a cloudy day
and by nearly 90 percent in total dark-
ness. The intensity of the ambient light
also decreases with depth: the flux of
light at a depth of 60 meters is only 4
percent the flux at the surface. As a re-
sult the rate at which calcium is deposit-
ed into the coral skeleton probably de-
creases rapidly with increasing depth.
The striking dependence of the
growth of coral on the intensity of the
ambient light is observed only when the
zooxanthellae are present. If the symbi-
otic algae are removed (by keeping the
coral colony in darkness for several
months), the rate of calcification is low
and is no longer affected by changes in
light intensity, as is normally the case
with nonsymbiotic corals. How do the
zooxanthellae enhance the calcification
rate? The answer seems to be that the
fixation of carbon dioxide by the algae
gives rise to an increase in the concen-
tration of carbonate ions in the cells
of the coral polyp through a series of
linked chemical reactions, raising the
pH of the fluid in the cells so that it is
more alkaline. By precipitating its ex-
cess carbonate ions in the form of insol-
uble calcium carbonate the polyp is able
to restore its pH to the normal level and
at the same time build up its limestone

accrete limestone skeletons depends on their
symbiosis with algae known as zooxanthellae.

skeleton. The zooxanthellae may also
stimulate calcification indirectly by in-
creasing the amount of free energy
available for the active transport of
calcium ions to the site of calcification.
The algae therefore work synergistically
with carbonic anhydrase to enhance the
formation of calcium carbonate. Calci-
fication can proceed in the absence of
algal photosynthesis but only at a great-
ly reduced rate.

The fact that calcification in corals
is biologically controlled is further in-
dicated by seasonal variations in the
growth rate. These variations are reflect-
ed in measurements made by one of us
(Thomas J. Goreau) of the concentra-
tion of the trace metal magnesium and
of the heavy and light isotopes of carbon
and oxygen in seasonal growth bands.
Once the environmental and physiologi-
cal influences that affect the growth of
coral are better understood the varia-
tions in the composition of coral skele-
tons will provide a detailed chemical
record of past environments much as
tree-ring records do.

The synergistic effect of zooxanthel-
lae on the calcification rate was clearly
a decisive factor in the evolution of cor-
al reefs. The development of enormous
coral communities in the face of batter-
ing by heavy seas became possible only
when the processes of calcium carbon-
ate deposition became efficient enough
for the rate of deposition to exceed the
rate of loss through physical and biolog-
ical attrition.

Reef Architecture

Coral polyps may not dominate the
biomass (the total mass of living mat-
ter), the biological productivity or even
the calcification in all parts of a cor-
al reef. Nevertheless, the existence of
many of the animal and plant communi-
ties of the reef is based on the ability of
coral to build a massive wave-resistant
structure. The dynamic interactions of
the geological and biological processes
that control the growth of coral reefs are
well illustrated in the 150-mile fringing
reef along the northern coast of Jamai-
ca, which we have studied for the past
28 years.

The major structural feature of the
living reef is a coral rampart that reach-
es almost to the surface of the water. It
is made up of massive rounded cor-
al heads and robust branching corals,
which build a rigid, cavernous palisade
of intergrown coral skeletons. Living on
this framework are smaller and more
fragile corals and large quantities of
green and red calcareous algae. The
biomass of these algae is small com-
pared with that of corals, but their pro-
ductivity and turnover are so high that
the sand consisting of their skeletal re-
mains makes up the bulk of the calcium
carbonate deposited in the reef.

Hundreds of species of encrusting or-
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ganisms live on top of the coral frame-
work, binding the coral branches togeth-
er with their thin growths. Innumerable
fishes and invertebrates also hide in the
nooks and crannies of the reef, some of
them emerging only at night. In addition
sessile organisms cover virtually all the
available space on the underside of cor-
al plates and on dead coral skeletons.

The crest of the reef runs parallel to
the coast, in some places touching the
shore and in others enclosing a sandy
lagoon about five meters deep and up to
a few hundred meters wide. This area is
protected from the surf and is dotted
with isolated coral heads. The lagoon is
dominated by patches of calcareous al-
gae and a community of bottom-living
animals, notably sea urchins and sea cu-
cumbers, which earn their keep by filter-
ing organic matter out of the sediments
or the overlying water. Many of these
organisms graze on filamentous algae; if
the grazers are removed from an area of
the lagoon, a dense mat of algae forms
after only a few days. The burrowing
and churning activities of the grazers are
important because they release nutrients
created by the bacterial decomposition
of organic matter buried in the sedi-
ments. Dense “lawns” of the sea grass
Thalassia form special habitats harbor-
ing their own community of sea ur-
chins, conchs and many other species.

Seaward of the reef crest is the fore
reef, where corals blanket nearly the en-
tire sea floor. The corals form massive
buttresses separated by narrow sandy
channels, down which passes a steady
flow of fine sediment originating with
the disintegration of dead corals, calcar-
eous algae and other organisms. The
channels resemble narrow winding can-
yons with vertical walls of solid cor-
al growth. They may be as much as 10
meters deep, and some are completely
roofed over with coral. This dramatic
interdigitation of buttresses and chan-
nels dissipates wave energy and at the
same time allows the free flow of sedi-
ments that would otherwise choke the
growth of the coral.

Down from the buttress zone is a cor-
al terrace, a slope of sand with isolat-
ed coral pinnacles, then another terrace
and finally an almost vertical wall drop-
ping into the darkness of the greater
depths. The distribution of coral species
and other animal communities in the
reef is zoned by depth, a feature that
enables paleontologists studying a sec-
tion of an ancient reef now on dry land
to accurately estimate the original depth
of that section from the fossil animals
associated with it. In water deeper than
100 meters few algae or symbiotic cor-
als grow well because of the low light
levels, and the fauna is dominated by
animals that catch or filter the organ-
ic detritus sifting down from the reef
above. The detritus feeders include the
true sponges, the antipatharians (“pre-
cious corals”) and the gorgonians (sea
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ANATOMY OF THE CORAL POLYP is simple: the animal is ba-
sically a contractile sac made up of three tissue layers. The cylindrical
body is topped by a central mouth surrounded by tentacles. From the
mouth a muscular gullet descends into the central digestive cavity,
which is connected to the body by a series of vertical partitions. The
free edges of the partitions extend into mesenterial filaments. Cells

DIVIDING ALGAL CELL, or zooxanthella, is enlarged 13,250 di-
ameters in the electron micrograph at the left. The striated sacs with-
in the cells are sections through a single large chloroplast, where pho-
tosynthesis takes place; the other cell organelles are indicated on the
map at the right. The zooxanthellae greatly increase the metabolic
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in the lining of the digestive cavity harbor the symbiotic algae, which
live, photosynthesize and divide within the host cells. The polyps sit
in protective limestone cups consisting of a radial array of vertical
plates, which interdigitate with the partitions of the polyp. Each pol-
yp deposits new floors under itself as it grows upward. In the Tropics
corals grow from one to 10 centimeters a year, depending on species.
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efficiency of the coral host by absorbing the waste products of cor-
al respiration and recycling some of them into new organic matter.
They also “leak” essential nutrients to the coral polyps and enhance
the rate of calcification. The electron micrograph was provided by
Robert K. Trench of the University of California at Santa Barbara,
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fans). Also common here are the scle-
rosponges, an ancient group that were
major reef builders in the geological
past but were long thought to have be-
come extinct hundreds of millions of
years ago. Our diving studies of the deep
reefs of Jamaica showed them to be
alive and well but displaced to deeper
habitats by the faster-growing corals,
which evolved later.

Reef Growth

The growth of the reef is the result of
a dynamic relation between the upward
extension of the coral framework and
the flushing away of a much larger vol-
ume of fine-grained detritus. The export
of sediment from the reef is largely ac-
complished by gravitational flow and
creep, either into the lagoon or down the
channels of the buttress zone into deep
water. Unstable piles of coral may also
grow until they topple under their own
weight and slide away. When the lower
Jamaican reef was explored in the re-
search submarine Nekton Gamma II at
depths of more than 200 meters, enor-
mous piles of sediment and huge blocks
of solid reef were observed at the base
of the drop-off; they may have been
dislodged by earthquakes. Such dis-
locations create fresh substrates for en-
crusting organisms and help to estab-
lish coral communities on the steep
lower slopes, particularly the platelike
whorled colonies of Agaricia.

Two other major processes influence
the growth of the reef: biological ero-
sion and submarine lithification. Many
species of filamentous algae, fungi,
sponges, sea worms, crustaceans and
mollusks bore into coral skeletons, exca-
vating holes by mechanical rasping or
chemical dissolution. The commonest is
the boring sponge Cliona, which saws
out tiny chips of calcium carbonate; the
chips are a major component of the fine
sediments. Cliona can riddle a coral skel-
eton with holes without damaging the
living coral polyps. In the deeper waters
many corals grow in flat, thin sheets to
maximize their light-gathering area and
hence are quite susceptible to erosion by
borers, which can cause the corals to
break off and fall downslope. In some
places, however, the coral is so over-
grown with encrusting organisms that it
remains in place even though it is no
longer directly attached to the reef.

Counteracting the effects of biologi-
cal erosion is submarine lithification: the
deposition of a fine-grained carbonate
cement in the pores and cavities of the
coral skeleton. Sediments trapped in the
reef framework are rapidly bound to-
gether by encrusting organisms and the
calcareous cement. The origin of the ce-
ment is not yet clear; it may be an inor-
ganic precipitate manufactured by bac-
teria that live in the crevices of the reef.
Studies at the Discovery Bay Marine
Laboratory in Jamaica done in conjunc-
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CYCLING OF CARBON among the zooxanthellae, the coral host and the environment is out-
lined. The various carbon pools are plotted on a vertical axis according to the ratio of the two
stable isotopes of carbon: carbon 12 and carbon 13. The position of each pool is therefore an in-
dication of the relative importance of the processes by which each pool gains and loses carbon
and the extent to which these processes utilize one of the two isotopes preferentially. For exam-
ple, because photosynthesis takes up carbon 12 faster than carbon 13 it leaves behind a pool en-
riched in carbon 13, from which the calcium carbonate of the coral skeleton is'formed. About
two-thirds of the carbon utilized in photosynthesis and calcification is recycled from respirato-
ry carbon dioxide. Level of carbon 13 in coral tissue reflects the composition of its food sources.

tion with Lynton S. Land of the Univer-
sity of Texas at Austin showed that once
the cement has hardened it is in turn
bored and refilled; the filled holes are
apparent when thin sections of the ag-
gregate are examined under the micro-
scope. Submarine lithification results in
the outward accretion of the fore reef
and stabilizes the steep profile of the
drop-off wall. The growth of reefs is
therefore the product of a dynamic bal-
ance among framework growth, sedi-
ment transport, bioerosion by borers,
mechanical destruction and submarine
lithification, with the relative impor-
tance of these factors varying from reef
to reef.

The living reef is basically a veneer
growing a few millimeters a year on top
of a complex topography of superposed
ancestral reefs. In Jamaica as much as
nine meters of reef has built up since the
present sea level stabilized some 5,000
years ago. The ancient reefs remain,
providing a record of changes in sea lev-
el and of the uplift of land by the move-
ments of tectonic plates.

The rise and fall of the sea level over
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the past few million years has been
caused by changes in the volume of wa-
ter tied up in land glaciers and ice sheets
during the Pleistocene ice ages. When
ice sheets grew in the Northern Hemi-
sphere, the sea level dropped and coral
reefs were stranded above the waterline.
Today fossil ridges and wave-cut notch-
es mark the ancient sea level. A suc-
cession of stranded reefs are found in
Jamaica, Barbados, New Guinea and
on other coral coasts; these reefs were
formed 80,000, 105,000, 125,000 and
200,000 years ago, when the climate was
warmer and the sea level higher than it is
today. Conversely, in Jamaica a series
of drowned and overgrown ridges can
be seen at 25, 40 and 60 meters below
the present sea level. These drowned
reefs were formed during periods of
intensive glaciation 8,000, 11,000 and
14,000 years ago, when the sea level was
considerably lower than it is today. The
ancient reef is therefore a dimly visible
palimpsest under the living reef, like a
medieval manuscript that has been re-
peatedly erased and written over but
shows faint traces of its history. Such
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features help in establishing the chro-
nology of the Pleistocene ice ages and
the volume of water added to the oceans
by the melting of the ice.

Reef Ecology

The history of the modern Jamaican
reef since the sea stabilized at its present
level 5,000 years ago has not been long
enough to establish a climax communi-
ty: an ecosystem in equilibrium. This
fact is evident from the almost haphaz-
ard development of reefs along any cor-
al coast: some areas have well-devel-
oped reefs and others have only isolated
patches of coral. Often there are no ob-
vious environmental influences or cata-
strophic factors (such as earthquakes or
tidal waves) that would explain such dif-
ferences in development. It seems rath-
er that chance variations in the settle-
ment of free-swimming coral larvae and
growth play a major role in determining
the formation of reefs, and that there
simply has not been enough time for
corals to occupy all favorable habitats.

The role of chance in coral settlement
is also reflected in the variability of the
major species that fill the same structur-
al roles in any reef. In some Jamaican
reefs the dominant coral is the branch-
ing coral Montastrea annularis, but in
similar habitats the same role is filled by
the different species Agaricia tenuifolia,
which forms colonies of identical shape,
size and orientation. Hence in the cre-
ation of diversity in a coral reef histori-
cal variation is in many reefs just as sig-
nificant as the approach to an ecological
equilibrium where many specialized or-
ganisms coexist.

The many localized habitats and spe-
cies in the reef give the reef communi-
ty a wealth of interactions within and
among species whose complexity can
only be dimly grasped. An intuitive un-
derstanding of the major interactions
can be gained only after years of field
experience. Even then one may focus on
so few components of the community
that it is easy to miss the significant roles
played by many obscure, unexamined
or unknown organisms.

The intense competition for food and
space in the reef habitat has given rise to
a wide variety of survival strategies. For
example, Jeremy Jackson and his stu-
dents at Johns Hopkins University have
shown that many encrusting organisms
possess specific toxins for defensive
or offensive purposes. Corals growing
close together compete for space, and
some species are able to extrude mes-
enterial filaments from the gut to kill
the polyps of adjacent colonies. Judith
Lang, working at Discovery Bay, has
shown that among coral species there
is a hierarchy of aggression such that
slow-growing but aggressive corals can
avoid being overgrown by faster-grow-
ing but less aggressive ones. This proc-
ess may lead to an increased diversity of
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species. In some instances, however, the
result is precisely the opposite: James
Porter has found that in the reefs on the
Pacific coast of Panama the overwhelm-
ingly dominant coral, Pocillopora dami-
cornis, is both the fastest-growing and
the most aggressive.

Grazing on algal and coral tissues by
fishes, sea urchins and other animals has
two important effects. Selective grazing
may keep a few dominant species of al-
gae from crowding out the more mar-
ginal species, so that a diversity of spe-
cies are able to exist. Experiments in
which grazers are excluded from an area
of the reef usually result in choking den-
sities of a few dominant algal species,
which is rare under ordinary circum-
stances. Grazers that scrape tissues off
hard substrates also create fresh sur-
faces where new algae can grow and the

larvae of sessile organisms can settle.
Leslie S. Kaufman of Johns Hopkins has
found that some fish species systemati-
cally kill patches of coral tissue so that
“farms” of algae can grow on the bare
coral skeleton. The fishes, which graze
on the algae, chase any intruders on
their territory, including much larger
fishes and even human divers. How
much damage to the reef is done by such
biological space clearing compared with
that done by slumping and storms is not
known.

Much also remains to be learned
about the nutrient and energy cycles of
reefs. The richness of reef biological
processes in the face of the poverty of
dissolved nutrients in tropical surface
waters is evidence that there is an effi-
cient internal cycling of nutrients with-
in the reef ecosystem, but the matter

ARCHITECTURE OF THE FRINGING REEF along the northern coast of Jamaica is de-
picted in these three-dimensional views. Several zones can be distinguished on the basis of reef
structure, depth and the associated animal and plant communities. The reef crest extends to a
depth of about 15 meters and comprises the shallow coral rampart and the surf zone (a). The
fore reef extends from 15 meters to 30. This region is a medium-energy environment, with an
ambient-light intensity about 25 percent that at the surface. The buttress zone (b), where coral
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has yet to be investigated in enough de-
tail. The major limiting nutrient in the
oceans is generally thought to be nitro-
gen, and in coral reefs large amounts of
the atmospheric nitrogen dissolved in
the seawater are fixed in utilizable forms
by filamentous blue-green algae. Anoth-
er source of nitrates is the oxidation of
ammonia by bacteria in the course of
the decomposition of organic matter in
the sediments of the reef lagoon. Recent
work indicates that the oxidation of am-
monia to nitrate is particularly intense
in the fine-grained organic sediments
trapped by the roots of sea-grass beds.

The coral reefs of the Atlantic, the
Caribbean and the Indo-Pacific do not
differ fundamentally in their structur-
al forms, their habitats and the inter-
actions of their species, even though the
organisms occupying specific ecological

roles vary greatly between oceans and
even between individual reefs. Between
the Pacific and the Caribbean, however,
there is one significant difference: in the
Pacific the active growth of coral goes
down only to 60 meters, and in the Car-
ibbean it goes down to 100 meters. The
reduced range in depth of the Pacific
corals may be due in part to periodic
infestations by the crown-of-thorns star-
fish (Acanthaster planci), which feeds on
coral by turning its stomach inside out,
spreading it over the coral and digesting
the coral tissues. Before the recent well-
publicized outbreak of Acanthaster the
organism was limited to deeper water
and was rarely seen. Then an unex-
plained population explosion gave rise
to a food shortage that forced the star-
fishes to move up to shallower wa-
ter, where their destructive effects were

readily apparent. The lower limit of reef
growth in the Pacific may therefore be
affected by periodic starfish grazing.
Much remains to be done to prove the
hypothesis, however, not least because
many Pacific reefs also show signs of
being more intensively eroded mechani-
cally than Caribbean reefs.

These points illustrate some of the
handicaps ecologists face in attempting
to predict the stability of reef popu-
lations in response to environmental
changes or the sensitivity of reef food
networks to alterations in the abun-
dance of particular species. Since coral
reefs are localized centers of high bio-
logical productivity and their colorful
fishes are a major source of food in trop-
ical areas, many marine biologists view
with alarm the spread of tourist re-
sorts along coral coasts in many parts

buttresses alternate with sandy canyons, serves to dissipate the me-
chanical energy of the waves and allows the flow down the reef of fine
sediments, which would otherwise choke coral growth. The coral col-
onies are still varied but smaller in size, and much of the available
space is occupied by sand-producing calcareous algae, sponges and
large gorgonians (sea fans). The deep fore reef extends from 30 me-

ters to 70. This zone has a steep topography and is poorly illuminated,
with a light flux about 5 percent that at the surface. At depths below
30 meters coral growth becomes patchy, with a progressive reduc-
tion in number of species and size and density of colonies. There is
also extensive transport of sediment from the shallow zones above.
Beyond the deep fore reef the vertical wall drops off into darkness.
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of the world. Such developments are al-
most always accompanied by increased
dumping of sewage, by overfishing, by
physical damage to the reef resulting
from construction, dredging, dumping
and landfills, and by destruction of the
reef on a large scale to provide tourists
with souvenirs and coffee-table curios.
In many areas (such as Bermuda, the
US. Virgin Islands and Hawaii) devel-
opment and sewage outfalls have led
to extensive eutrophication: the over-
growth and Killing of the reef by thick
mats of filamentous algae, which in turn
support the growth of oxygen-consum-
ing bacteria. The results, which are be-
ing intensively studied by Stephen V.
Smith and his colleagues at the Univer-
sity of Hawaii, include an increased sen-
sitivity of corals to bacterial diseases,
the death of living coral and the result-
ing erosion of the reef, and the genera-
tion of foul-smelling hydrogen sulfide.

BUTTRESS CANYON between two walls of coral was photographed at a depth of about 12
meters off the northern coast of Jamaica. The wall at the right is covered by colonies of the
coral Monastrea annularia. Shape of the colonies serves to maximize their light-gathering area.

Breaching a Barrier

The proposal for digging a new canal
at sea level across the Isthmus of Pana-
ma arouses further concerns about the
viability of coral reefs and their intri-
cately interwoven physical and biolog-
ical resources. The large range of the
tides on the Pacific side of the isthmus
and the smaller range of the tides on the
Caribbean side, together with the high-
er mean sea level on the Pacific side,
would result in the effective movement
through the canal of Pacific marine spe-
cies into the Caribbean and the Atlantic.
Since the reefs of the Caribbean and the
Pacific have been evolutionarily isolat-
ed for millions of years, such a large-
scale incursion of species into new hab-
itats could enable certain species to
multiply and spread unchecked, with
ecological consequences similar to the
explosive multiplication of the English
rabbits introduced into Australia. For
example, the crown-of-thorns starfish is
common on the Pacific side of the isth-
mus but is not present on the Caribbean
side, and its spread through the sea-level
canal could decimate the corals of the
Caribbean and the Atlantic. In addition
poisonous sea snakes, unknown in the
Atlantic, are common on the Pacific side
of the isthmus. Peter Glynn and Ira Ru-
binoff of the Smithsonian Tropical Re-
search Institute in Panama have warned
that the sea-level canal could cause a
greater perturbation in the natural en-
vironment than any previous engineer-
ing work.

The proposed sea-level canal illus-
trates not only the concerns of coral-reef
biologists but also their ignorance, since
it remains difficult to predict the delete-
rious effects of human activities in an
environment as complex as the reef eco-
system. All the same it does not seem
unduly alarmist to caution against tak-
DROP-OFF WALL of the Jamaican fringing reef is shown at a depth of about 40 meters. The ing the stability and productivity of the
steep fore-reef slope is covered by a dense growth of sponges, gorgonians and whip corals. reef community for granted.
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Supernovas and Star Formation

The explosive death of a massive star may trigger the birth of

other stars. Support for this hypothesis comes from theory and

from observations of old supernova remnants and meteorites

by William Herbst and George E. Assousa

supernova, the catastrophic ex-
plosion of a massive star at the
end of its life cycle, hurls a shell
of gas into the interstellar medium. The
explosion simultaneously spews out a
tremendous amount of energy: about
105! joules (one joule being the energy
needed to lift one kilogram 10 centime-
ters). Some 25 years ago Ernst J. Opik
of the Armagh Observatory in North-
ern Ireland suggested that the explosive
death of a massive star might trigger the
birth of other stars. He argued that the
shock wave from a supernova could ef-
fectively compress a diffuse cloud of in-
terstellar gas and dust to a density high
enough for gravity to pull the material
together into a star (or stars).

Until the past half decade observa-
tional evidence of supernova-induced
star formation was lacking because the
objects that had been definitively identi-
fied as supernova remnants were sim-
ply too young to be associated with the
birth of stars. Since 1972 the situation
has changed in three ways. First, expand-
ing shells of gas surrounding the rem-
nants of ancient supernovas have been
identified. Some of these shells coin-
cide with swarms of young stars. Sec-
ond, recent developments in molecu-
lar-line and infrared astronomy have
enabled astrophysicists to observe the
early stages of star formation: the com-
pression and heating of the interstellar
medium. Third, the discovery of anom-
alous concentrations of certain isotopes
in meteorites indicates that a supernova
may have presided at the birth of the so-
lar system.

Whether or not a star becomes a su-
pernova depends on its mass. When a
cloud has achieved a sufficiently high
density, the mutual gravitational attrac-
tion of its particles causes it to collapse
into a star. As the material collapses the
gravitational forces get stronger, caus-
ing the star to contract even more. The
ever increasing gravitational force en-
sures that the star will continue to col-
lapse. As the density of the star increas-
es so does the temperature of its inte-
rior. At sufficiently high temperatures
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thermonuclear reactions deep within the
star transmute hydrogen into helium.
From this point on the course of the
star’s life cycle depends on the balance
between the gravitational forces and
the energy released by fusion reactions,
with the star’s collapse in effect being
halted only temporarily by the thermo-
nuclear reactions.

The exact mechanism by which a star
becomes a supernova is not yet known
and may even differ for different stars.
One possible mechanism is the follow-
ing. After most of the hydrogen in the
core is converted into helium a massive
star collapses until its internal tempera-
ture is high enough to transmute the
helium into carbon. When the helium is
exhausted, the star may collapse again,
and its temperature rises steadily until
the carbon starts to be transmuted into
heavier elements. At this point either a
supernova arises as a result of the explo-
sive carbon burning or the heavier ele-
ments may be fused to form still heav-
ier ones. Each thermonuclear reaction
yields less and less energy, and so the
gravitational forces eventually win out
in bringing about the star’s collapse.

What happens when the nuclear fuel
is exhausted? If the star is less
massive than the sun, it becomes a white
dwarf: a star with a core consisting of a
highly compressed gas of atomic nuclei
(mostly helium nuclei) and the electrons
stripped from them. If the star is sub-
stantially more massive than the sun, the
gravitational forces draw the material
together into a superdense state where
electrons and protons are pushed into
each other to form neutrons. The neu-
trons then are pushed together so that
they constitute a nuclear fluid. If such a
neutron star is sufficiently massive, even
the extremely high density of the tight-
ly packed neutrons is unable to halt the
next gravitational collapse. It is thought
that as the final collapse begins the neu-
tron star becomes unstable and blows
off its outer layers in a supernova ex-
plosion. The core of the star may col-
lapse still further until it becomes a
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black hole, an object whose gravitation-
al field is so strong that neither matter
nor light can escape from it.

In our galaxy there is probably one
supernova every 50 years or so, al-
though most supernovas are so far away
that the interstellar dust between them
and the solar system makes them invisi-
ble. A supernova has such a large effect
on the interstellar medium in its imme-
diate vicinity that the remnants of the
explosion can be detected for at least
100,000 years. Observations of superno-
va remnants and computer simulations
of them provide a general picture of a
supernova explosion. The ejected mat-
ter, which moves initially with a velocity
of about 10,000 kilometers per second,
collides with the rarefied matter of the
interstellar medium and sweeps some of
it up into an expanding but decelerating
shell. After 1,000 years or so the mat-
ter has traveled roughly four light-years
and is expanding at a rate of about 1,000
kilometers per second. After 50,000
years the old remnant of the supernova
consists of a shell of gas some 150 light-
years in diameter expanding at a rate of
about 100 kilometers per second. The
oldest remnants that can be detected be-
gan their outward journey some 100,000
years ago; their diameter is about 200
light-years and their expansion velocity
is about 50 kilometers per second.

To be sure, the actual evolution of a
particular remnant is governed by many
factors, including the density and homo-
geneity of the ambient interstellar me-
dium and the precise amount of energy
released by the supernova. The general
picture we have outlined is nonetheless a
good one. Remnants that are older than
100,000 years expand with a velocity of
at most 50 kilometers per second. Such
remnants lose their distinguishing char-
acteristics of filamentary optical emis-
sion (electromagnetic radiation emitted
by filaments of gas in the remnants) and
nonthermal radio emission (with the in-
tensity of the radiation increasing with
wavelength). For a time the remnants
can still be detected as expanding shells
of neutral (un-ionized) hydrogen. Near



ARC-SHAPED CLOUD of dust and fluorescent hydrogen nearly
100 light-years from top to bottom appears in these two negative
prints of a photograph of a region in Canis Major made with the 48-
inch Schmidt telescope on Palomar Mountain. The arc is the edge of
an expanding spherical shell of gas. The energy of expansion suggests
that the shell is the remnant of an old supernova. An association of in-

fant stars of intermediate mass called Canis Major R1 lies along the
right-hand side of the shell. The shell may have triggered the forma-
tion of Canis Major R1 by compressing gas and dust to a sufficiently
high density for gravity to pull the material together into stars. The
light reflected from the young stars gives rise to nebulas. The posi-
tions of some of the young stars are marked on the print at the right.
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the central plane of the galaxy, howev-
er, hydrogen is already abundant, and
so the shells are hard to find because
they blend into the interstellar medium.
Above and below the galactic plane the
background hydrogen is scarcer. Carl E.
Heiles of the University of California at
Berkeley has shown that much of the
neutral hydrogen there is in the form of
shells.

It has long been known that superno-
vas had a seminal role in the origin of
the solar system quite apart from the
expansion of their shells. The heavier
elements in the clouds of dust and gas
that came together to form the sun and
the planets were ejected by supernovas
over a period of several billion years.
(The lighter elements in the clouds,
namely hydrogen and helium, were
largely primordial.) The content of the
ejecta probably differed from one super-
nova to another, but by the time the so-
lar system began to form, the distinc-
tive debris of aeons of supernovas had
blended into clouds of homogeneous
composition. In particular the isotopic
composition (that is, the relative abun-
dance of the nuclear species of the ele-
ments) of the clouds was homogeneous.
The recent discovery of meteorites with
an isotopic composition differing from

CANIS MAJOR R1

the solar-system average means there
was at least one supernova that explod-
ed so close to the time of the birth of the
sun and the planets that its ejecta could
not thoroughly blend with the ejecta
from earlier supernovas. Perhaps the
shock wave from this supernova trig-
gered the formation of the solar system
[see “Did a Supernova Trigger the For-
mation of the Solar System?” by David
N. Schramm and Robert N. Clayton;
SCIENTIFIC AMERICAN, October, 1978].

he solar system is only about a third

the age of the galaxy, and so it is
reasonable to assume that the condi-
tions conducive to star formation at the
time the sun formed might still be in
effect today. There is no question that in
the neighborhood of the sun stars have
recently been born and are continuing to
be born. For example, the Great Nebula
in Orion is an aggregate of massive lu-
minous stars at a distance of about 1,500
light-years. These massive stars are hot
bluish-white stars of the spectral types O
and B. They have surface temperatures
between 16,000 and 45,000 degrees Kel-
vin, compared with the sun’s 6,000 de-
grees, and they are between 800 and
500,000 times more luminous than the
sun. Such aggregates, called OB associa-

DIRECTION OF

DIFFERENTIAL RATE OF ROTATION OF THE GALAXY is responsible for the sun’s
moving away from Canis Major R1. The inner regions of the galaxy complete a circuit of the
center much faster than the outer regions; hence the sun has an orbital period of 250 million
years, whereas Canis Major R1 has a period of 270 million years. The abundant hydrogen be-
tween Canis Major R1 and the sun, and hence between Canis Major R1 and the solar system,
appears to be receding because of the differential rate of rotation. The frequency at which ra-
diation emitted by the hydrogen (1,420.4057 megahertz) is received on the earth has been Dopp-
ler-shifted by the motion of the hydrogen with respect to the receiver. Since the hydrogen is
receding, the radiation is shifted to lower frequencies. Near the focus of the arc of Canis Major
R1, however, radiation is being emitted that has been Doppler-shifted to higher frequencies.
This indicates that the hydrogen there, which constitutes the expanding shell of the remnant
of a supernova, is racing toward the earth with velocities of at most 30 kilometers per second.
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tions, consist of between five and 50
stars each with a mass of roughly be-
tween 10 and 30 times the mass of the
sun. Type O and Type B stars emit ener-
gy at such a prodigious rate that they
cannot survive for more than 10 mil-
lion years (perhaps a thousandth the age
of the galaxy), and so they must have
formed relatively recently.

Sprinkled among the stars of the OB
association in the Orion nebula are less
luminous stars that are between 100,000
and 10 million years old. Such stars,
with masses less than three times the
mass of the sun, are commoner than
the O and B spectral types. Stars with
these relatively low masses take longer
to form (since the gravitational forces
that draw them together are weaker),
and they have not yet evolved to the
stable hydrogen-burning stage where
the synthesis of heavier elements be-
gins. They are called pre-main-sequence
stars. Those that exhibit emission lines
in their spectra are known as T Tauri
stars, after their prototype in the con-
stellation Taurus. Many T associations
(aggregates of T Tauri stars) are situat-
ed within the boundaries of OB associa-
tions, although some are found in re-
gions where massive stars do not exist.

In 1966 Sidney van den Bergh of the
University of Toronto discovered a new
kind of star aggregate: the R associa-
tions, many of which serve as birthplac-
es for stars of intermediate mass (three
to 10 solar masses). He found R associa-
tions by examining photographs of the
Milky Way taken as part of the Palomar
Observatory Sky Survey. He looked for
stars that were so close to interstellar
dust clouds that the light reflected from
the clouds was visible as nebulas. Stars
whose mass is less than three solar mas-
ses are probably also forming in R asso-
ciations, but they are too faint to create
reflection nebulas, and so they must be
identified by other means. Many R asso-
ciations exist within the boundaries of
OB associations.

An R association of considerable in-
terest is situated in the constellation Ca-
nis Major only a few degrees from Sir-
ius. The association, Canis Major R1,
consists of about 30 stars in reflection
nebulas that lie mainly in an arc-shaped
dust cloud with an extent of some 100
light-years. Here there is also an OB
association, Canis Major OB1, whose
stars extend beyond the dust cloud. The
distance between the solar system and
Canis Major R1 is about 3,700 light-
years.

The R association intrigues us for two
reasons. First, it includes stars of inter-
mediate mass that still seem to be in the
pre-main-sequence phase of their life
cycle. According to a study conducted
by one of us (Herbst), René Racine of
the University of Montreal and John W.
Warner of the University of Minnesota,
such stars are probably about 300,000



years old, which makes them among
the youngest-known stellar objects. Sec-
ond, the arc-shaped dust cloud in which
the stars are forming lies along one edge
of a giant expanding shell of gas.

he shell was first identified from 21-

centimeter radio waves emitted by
the neutral hydrogen in the shell. A hy-
drogen atom consists of a proton and
an electron, which can spin either in the
same direction or in opposite directions.
If the spins are in the same direction,
the electron may flip so that its spin
is opposite to the spin of the proton.
When the electron flips in this way, the
hydrogen atom radiates at a frequency
of 1,420.4057 megahertz, which corre-
sponds to a radio wavelength of about
21 centimeters.

Although the amount of hydrogen in
the shell is negligible compared with the
amount of hydrogen along the line of
sight between the solar system and Ca-
nis Major R1, it was possible to detect
the shell because of its unusual velocity.
Along the line of sight hydrogen atoms
emit radio waves at the frequency of
1,420.4057 megahertz, but the frequen-
cy at which the radiation is received on
the earth is Doppler-shifted by the mo-
tion of the atoms with respect to the
receiver: the emission from hydrogen
moving away from the observer has a
lower frequency and that from hydro-
gen moving toward the observer has a
higher frequency.

The galaxy is a differentially rotating
body: its inner regions complete a circuit
of the center much faster than its outer
regions. The differential rate of rotation
means that the frequency of the emitted
radiation is Doppler-shifted according
to its position in the galaxy. In the direc-
tion of Canis Major there is a fortunate
circumstance: along the line of sight all
the hydrogen happens to be receding (so
that the radiation is shifted to longer
wavelengths) except for a small region
lying at the focus of the arc of Canis
Major R1. There the neutral hydrogen
races toward the earth with velocities of
up to 30 kilometers per second. Presum-
ably the far side of the shell, which is
moving away from the earth, also con-
sists of neutral hydrogen. It is impossi-
ble to detect the far side because along
the line of sight all the background hy-
drogen also moves with recessional ve-
locities.

Ronald J. Reynolds and Peter M. Og-
den of the University of Wisconsin in-
tensively studied the kinematics of the
gas in the vicinity of Canis Major R1.
Photographs taken as part of the Palo-
mar Sky Survey had revealed a ring-
like distribution of ionized gas adjacent
to the R association. With a Fabry-
Perot spectrometer Reynolds and Og-
den looked at emission lines at visible
wavelengths in an ionized region of the
gas. Emission lines are the result of elec-
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SUPERNOVA-INDUCED STAR FORMATION begins with a massive star (color) embed-
ded in the cloud-laden interstellar medium (top left). As the star collapses under the gravita-
tional attraction of its constituent particles, it becomes unstable and blows off its outer layers
in a supernova explosion. After about 30,000 years the remnant is 100 light-years across and
has swept up a shell of interstellar matter that is expanding with a velocity of at least 100 kilo-
meters per second (top right). After 100,000 years the remnant has a diameter of 200 light-
years and has slowed down to a speed of at most 50 kilometers per second (bottom left). The
shock wave from the shell may have compressed clouds of gas and dust to a density high enough
for gravity to begin to pull the material together into stars (colored dots). After about three mil-
lion years the association is well developed (bottom right). By this time many stars have formed
that cluster together in a group, which is surrounded by a large loop of slowly expanding hydro-
gen. The entire process can repeat itself if one of the infant stars develops into a supernova.

trons in atoms radiating energy as they
drop from higher energy orbits to lower
ones. In the terrestrial laboratory transi-
tions between certain orbits in certain
atomsare “forbidden”;they are extreme-
ly improbable because it is much likeli-
er that the atoms will lose excess energy
in collisions with neighboring atoms.
The density of matter in interstellar
space is so low, however, that collisions
between atoms are few and far between.
Hence atoms sometimes do radiate in
forbidden lines.

Reynolds and Ogden detected a for-
bidden nitrogen line toward the center
of the ring of ionized gas. The line was
split, that is, it consisted of two frequen-
cies because the radiation was Doppler-
shifted in two ways. This indicated that
the gas at the center of the ring is divided
into two regions whose velocities differ
by 26 kilometers per second. Near the
edge of the ring the line was not split.
These observations confirm the pres-
ence of an expanding shell of gas adja-

© 1979 SCIENTIFIC AMERICAN, INC

cent to the R association; the regions of
differing velocities constitute the front
and back of the shell.

What is the origin of the expanding
shell of gas? In our view asking
this question amounts to asking what
caused the stars to form in Canis Major
R1, because it is extremely unlikely that
the stars would have been created by
chance along a 100-light-year arc of an
expanding shell 200 light-years in diam-
eter. And as we have seen, a supernova
explosion is certainly energetic enough
to produce such a shell.

On the basis of the assumption that
the shell of Canis Major R1 is a superno-
va remnant, we calculated its age from
its diameter and expansion velocity. We
found the shell to be 800,000 years old.
Since the stars in the R association are
about 300,000 years old, the stars’ age is
consistent with our hypothesis that a su-
pernova triggered their birth. The den-
sity of matter in the expanding shell
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can be estimated from the amount of
ionized hydrogen encircling three stars
within the shell. From the density, the
diameter and the expansion velocity we
calculated the amount of energy needed
to create the shell: roughly 1044 joules,
comparable to the energy released by a
supernova explosion.

Can any other phenomenon release
that much energy? The answer is yes. A
massive star could pump 1044 joules into
a small region of space in the course of
its several-million-year life cycle. It is
not known, however, whether the ejecta
of a massive star could effectively com-
press the material of the interstellar me-
dium. Theoretical models suggest that
in a homogeneous medium Type O stars
would give rise to expanding shells that
might trigger star formation. The actual
interstellar medium, however, is by no
means homogeneous, so that the models

do not apply. Moreover, there is no lu-
minous massive star near the center of
the shell of Canis Major R1 that might
plausibly have been serving as the ener-
gy source. The two most massive stars in
the vicinity of the ring lie along its edge,
not near its center. In the best photo-
graphs of Canis Major R1 faint and par-
tial ringlike structures surround the two
stars, but the structures are insignificant
compared with the ring of Canis Major.

One of these two massive stars is par-
ticularly interesting because it is a run-
away star: a star whose velocity of be-
tween 30 and 200 kilometers per second
is quite large compared with the ve-
locities of neighboring stars. Adriaan
Blaauw of the University of Leiden has
developed the most widely accepted ex-
planation of runaway stars. Most stars
are born as members of a binary system:
two stars revolving about their common
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TWO SOURCES OF INFRARED RADIATION (plus signs) are embedded in molecular
clouds (solid lines) associated with the old supernova remnant W44 (broken lines). Infrared
waves are emitted by envelopes of dust that enshroud stars in their initial stage of evolution.
The dust absorbs radiation from the stars, heats up and reradiates the energy at infrared wave-
lengths. One of the two infrared sources (colored plus sign) is definitely associated with W44,
whereas it is possible that the other source (black plus sign) is only a background object. Both
infrared sources were discovered by H. Alwyn Wootten of the University of Texas. The map
covers about 30 minutes of arc in the sky, which is equivalent to the diameter of the full moon.
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center of mass because of their mutual
gravitational attraction. The more mas-
sive member of a binary system evolves
faster and can eventually become a su-
pernova. At that time a large amount of
mass is instantaneously expelled from
the binary system, and the unevolved
star acquires a higher velocity with re-
spect to neighboring stars.

The runaway near Canis Major R1 is
racing from the sun with a velocity 30
kilometers per second faster than the ve-
locities of the stars in its vicinity. Like
most runaways, this one is hot and lumi-
nous and is traveling alone. Only the
speed along the line of sight has been
determined to date, so that it is not pos-
sible yet to tell whether the runaway was
once at the center of the expanding shell.
Nevertheless, if the speed tangential to
the line of sight is comparable to the
speed along it, then the star may well
have been at the center of the shell some
800,000 years ago, when the shell was
formed.

An additional fact relates the run-
away to the formation of the shell. In
their spectroscopic study Reynolds and
Ogden found that an oxygen emission
line is enhanced at velocities character-
istic of the far side of the shell. This
discovery is understandable if the run-
away is currently inside or near the far
edge of the shell, and that is exactly
where it should be if it is the original
companion of the supernova that pro-
duced the shell and if it acquired its re-
cessional velocity of 30 kilometers per
second at the time of the explosion.

Canis Major R1 is a clear example of
stars being formed at the edge of an
expanding shell, but it is by no means
the only one. Monoceros R1, an R asso-
ciation about 2,500 light-years from the
sun, was examined recently by Marc L.
Kutner, Robert L. Dickman and their
co-workers at the Rensselaer Polytech-
nic Institute. The stars in Monoceros R1
resemble those in Canis Major R1 and
are probably about the same age. Like
Canis Major R1, Monoceros R1 con-
sists of infant stars lying along a ringlike
distribution of dense clouds of interstel-
lar gas and dust. The diameter of the
ring is about 25 light-years, 10 times less
than that of Canis Major R1. This differ-
ence suggests that the initial density of
the ring-forming material was greater in
Monoceros R1. There is evidence of ex-
panding neutral hydrogen near the cen-
ter of thisring too, and the rate and ener-
gy of expansion are comparable to those
of Canis Major R1. In Monoceros R1
there are no massive stars, and so there
are no partial rings of luminous ionized
gas like those in Canis Major. All the
evidence points to the conclusion that a
supernova exploded in Monoceros R1.
The only other possible source of ener-
gy, an extremely massive star, is absent.

In two clouds at the edge of the Gum
Nebula in the sky of the Southern Hemi-
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sphere, Richard D. Schwartz of the Uni-
versity of Missouri discovered Herbig-
Haro objects, semistellar nebulas that
are associated in some poorly under-
stood way with the early stages of star
formation. He argued that the expan-
sion of the Gum Nebula, which may
owe its origin to at least one super-
nova, has triggered star formation in
these clouds. There is circumstantial ev-
idence supporting the hypothesis. Near
the Gum Nebula, T. G. Hawarden and
P. W.J. L. Brand found several “come-
tary globules”: dust clouds with elongat-
ed tails that are compact, fairly opaque,
isolated and regular in form. Without
exception the elongated tails point away
from the center of the Gum Nebula.
The nebula NGC 5367 is in a cometary
globule in Centaurus that coincides with
a cluster of young low-mass stars, ac-
cording to Howard Van Till and his co-
workers at the University of Texas and
P. Williams and his co-workers at the
University of Edinburgh. Perhaps the
cometary globules in the Gum Nebula
are also the sites of star formation or
could be such sites in the future.

We have limited the discussion so far
to young but visible stars and to super-
nova remnants so old that only indirect
evidence indicates they are actually su-
pernova remnants and not something
else. Evidence of supernova-induced
star formation also comes from the dis-
covery of molecular clouds that are
evolving into stars next to known super-
nova remnants. For example, H. Alwyn
Wootten of the University of Texas has
mapped a compressed cloud at the edge
of an old supernova remnant known
as the Monoceros Loop and has found
conditions conducive to star formation.
In clouds associated with another rem-
nant, W44, he discovered at least one
source of infrared radiation and pos-
sibly two. Such infrared sources are
thought to mark the presence of young
stars. The radiation is emitted by the
envelopes of dust that shroud stars in
the initial stage of their evolution. The
dust absorbs radiation from the stars,
heats up and reradiates the energy at
infrared wavelengths.

t is time to consider how widespread

supernova-induced star formation
may be. Most stars seem to have formed
in associations, which are sometimes
composed of separate subgroups of
stars, the youngest stars being shrouded
in gas and dust. Blaauw has suggested
that Orion OB1 consists of four sub-
groups lined up in order of their age
(from the oldest subgroup at one end of
the association to the youngest at the
other end), so that the association may
have been created in successive bursts of
star formation.

One model of the burstlike nature
of star formation in an OB association
does not involve supernovas. This de-
tailed model, developed by Bruce G.
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Elmegreen and Charles J. Lada of the
Center for Astrophysics of the Harvard
College Observatory and the Smithsoni-
an Astrophysical Observatory, focuses
on the copious amount of ultraviolet
radiation emitted by infant stars that
ionizes hydrogen in the ambient inter-
stellar medium. The region of ionized
hydrogen presses on a nearby molecular
cloud, creating a shock wave. When the
material at the edge of the cloud gets
dense enough, it breaks into fragments
that gravitationally collapse into the
stars of a subgroup. Eventually these
stars create a new region of ionized hy-
drogen, which generates a shock wave
that triggers the birth of a new sub-
group. The process repeats itself until
the entire association is formed. This
model does not, of course, explain how
the initial subgroup of infant stars
formed; a shock wave from another
molecular cloud or from a supernova
explosion could have provided the nec-
essary pressure.

Although supernovas have not yet
been incorporated into a detailed model
of the burstlike nature of an OB associa-
tion, they may play a significant role in
the phenomenon. If a supernova trig-
gered a burst of star formation in a
dense primordial cloud, and if the most
massive star to be formed from the
cloud evolved into a supernova and trig-
gered a new round of star formation,
which in turn gave rise to another super-
nova and so on, then the observed distri-
bution of stars in Orion OB1 would be
accounted for. Moreover, the time be-
tween successive bursts would be sev-
eral million years, identical with the
observed age difference between the ad-
joining subgroups.

Regardless of whether or not super-
novas are responsible for the subgroup
structure of Orion OBI1, there is no ques-
tion that they are often found within
associations. Blaauw was the first to rec-
ognize this fact when he proceeded
to “trace back” three runaway stars to
their origin in Orion OB1. He also noted
that in the older subgroups in an associ-
ation there are fewer extremely massive
stars than there are in the younger sub-
groups. By counting up the number of
these “missing” stars one finds that in
the past 10 million years about 20 super-
novasexploded in Orion OB1. The enor-
mous shell these supernovas collectively
have generated was studied by Reynolds
and Ogden, who estimate that its energy
content is 1045 joules. The last superno-
va in Orion probably goes back about
500,000 years, and it may be the source
of a shock front that was observed re-
cently by Lennox L. Cowie and his co-
workers at Princeton University.

If a supernova triggered star formation
that gave rise to another supernova,
then a chain of star-forming regions
would result. If many such chains were
created in a differentially rotating gal-
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axy, the distribution of stars would re-
semble the observed distribution in a
spiral galaxy. That possibility is the
basis of a new model of spiral-galaxy
structure proposed by Huberto Gerola
and Philip E. Seiden of the Thomas J.
Watson Research Center of the Inter-
national Business Machines Corpora-
tion. Computer simulation of self-prop-
agating star formation in differentially
rotating disks was able to reproduce
the appearance of many spiral galaxies
without requiring the presence of an un-
derlying density wave. Such a density
wave is the hallmark of the most widely
accepted theory of the large-scale struc-
ture of spiral galaxies, developed by C:.
C. Lin of the Massachusetts Institute of
Technology and Frank H. Shu of the
University of California at Berkeley.
The theory maintains that a density
wave of spiral form sweeps through the
central plane of a galaxy, compressing
clouds of gas and dust to five or 10 times
their original density. The clouds col-
lapse into stars that form a spiral pat-
tern. Work is now under way to pre-
cisely define the differences between the
galactic structures predicted by the den-
sity-wave theory and those predicted
by the supernova model. The predicted
structures will then be compared with
the observed ones.

It is possible that the universe is di-
verse enough for both models to be
right. Some galaxies have two beautiful
arms spiraling out symmetrically from
the galactic nucleus. This kind of struc-
ture is not easily explained by the su-
pernova model. Other galaxies appear
to have no coherent large-scale spiral
structure; they consist entirely of bits
and pieces of spiral arms distributed in
an apparently random way. Such galax-
ies are not easily explained by the densi-
ty-wave model. Perhaps for a typical
galaxy each of these mechanisms con-
tributes to the spiral structure.

Our own galaxy may be a case in
point. It has been known for 25 years
that the sun lies within a long, narrow
concentration of bright stars that resem-
bles a spiral arm in other galaxies. The
concentration is known as the Local
Arm. Sections of two other spiral arms
have been detected, but the entire struc-
ture of the galaxy cannot be mapped at
visual wavelengths because the dust in
the central plane of the galaxy obscures
observations. There is some evidence
that the two partially identified arms are
density-wave arms, because they seem
to exert a gravitational force on neigh-
boring stars and gas. There is no evi-
dence that the Local Arm exerts such
a force, according to Lin and his co-
workers. The density-wave theory pre-
dicts that the sun should lie almost ex-
actly between spiral arms, but actually
it lies in a region of active star forma-
tion. That can be explained if superno-
vas are chiefly responsible for star for-
mation in the Local Arm.



SPIRAL GALAXY MS81 (top) may have been created by superno-
vas. A theory of spiral-galaxy structure proposed by Huberto Gerola
and Philip E. Seiden of the Thomas J. Watson Research Center of
the International Business Machines Corporation maintains that if a
supernova triggered star formation giving rise to another supernova,

=
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then a chain of star-forming regions could be produced. If many such
chains were created in a differentially rotating galaxy, the distribu-
tion of stars would form a spiral structure. Computer simulation of
this theory for the spiral M81 (bottom) gives rise to a distribution of
bright infant stars {crosses) that looks like the actual distribution (top).
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The Mathematics
of Public-Key Cryptography

The search for privacy in an age of electronic communications has

given rise to new methods of encryption. These methods are more

practical than older ones and are mathematically more interesting

he electronic communications

systems that are proliferating

throughout modern society offer
speed, accuracy and ever diminishing
cost. Theyalso present serious problems
of security. As the ordinary transactions
conducted in person, on the telephone or
by written correspondence have come
increasingly to be conducted by new
kinds of electronic systems the suscepti-
bility of organizations and individuals
to eavesdropping and forgery has grown
dramatically. One way to prevent tam-
pering with the new electronic systems
and to protect the vast quantities of pri-
vate information such as the credit rec-

by Martin E. Hellman

ords and medical histories now stored in
computer data banks s to resort to cryp-
tosystems: methods for encrypting, or
transforming, information so that it is
unintelligible and therefore useless to
those who are not meant to have access
to it.

Encryption is a special form of com-
putation, and almost all modern cryp-
tosystems depend on difficulty of com-
putation for their security; they effect
transformations of data so complicated
that it is beyond the economic means of
an eavesdropper to reverse the process.
(Accounts of intelligence operations
during World War II reveal that as re-

] A = 00000

B = 00001 C = 00010 D = 00011 E = 00100
F = 00101 G = 00110 H = 00111 | = 01000 J = 01001
K = 01010 L = 01011 M = 01100 N = 01101 O =01110
| P=011M Q = 10000 R = 10001 S = 10010 T = 10011
| U = 10100 V = 10101 W = 10110 X =10111 Y = 11000
Z = 11001 = 11010 .= 11011 , = 11100 ? =11101 |
;=11110 S= 11111 |
a =00 b =01 c=02 d=03 e =04 f=05 g =06 '
h =07 i=08 j=09 k=10 =1 m=12 n=13
o=14 p=15 q=16 r=17 s=18 t=19 u=20
v=21 w =22 x =23 y =24 z=25 A=26 B =27
C=28 D=29 E =230 F=31 G =32 H =33 | =34
J=235 K =36 L =37 M =738 N = 39 O =40 P=4
Q=42 R =43 S =44 T=45 U =46 V =47 W =48
X =49 Y =50 Z =51 0 =52 1 =53 2 =154 3 =55
4 =56 5 =57 6 = 58 7 =59 8 =60 9 = 61 =62 |
. =63 , =64 ;=65 ? =66

CRYPTOGRAPHIC SYSTEM is a mathematical system for encrypting, or transforming, in-
formation so that it is unintelligible and therefore useless to those who are not meant to have
access to it. The encryption process generally begins with the conversion of the plaintext, or un-
enciphered message, into a string of numbers by means of a digital “alphabet” such as one of
those shown here. In some cryptosystems it is more convenient to work with binary numbers,
and so in the rather simple alphabet shown at the top five bits (binary digits) have been allo-
cated to represent each letter, number or punctuation mark in the plaintext. Each bit can take
two values (0 or 1), making a total of 25, or 32, characters in this alphabet. In other crypto-
systems it is simpler to think in terms not of a binary (base-2) number system but a decimal
(base-10) one. In alphabet shown at bottom two decimal digits have been allocated for each
plaintext symbol, providing total of 102, or 100, characters. (Some of these may not be needed.)

146

© 1979 SCIENTIFIC AMERICAN, INC

cently as 35 years ago systems offering
this type of security were not widely
available. Since then the cost of com-
putation has dropped by a factor of
about a million, so that the equipment
necessary for secure encryption is now
reasonably priced.) Given unlimited
computing power (an unrealistic as-
sumption) such computationally secure
systems could be broken, but in practice
they appear to be unbreakable.

At present mathematicians lack the
tools for proving systems to be com-
putationally secure, and the history of
cryptography demonstrates all too well
that supposedly unbreakable systems
often have hidden flaws. It is hoped that
discoveries in complexity theory, a
branch of mathematics that studies the
difficulty (or cost) of computation, will
eventually provide the tools needed to
establish provably secure cryptosys-
tems: computationally secure systems
that can be guaranteed to be free of hid-
den flaws. In the meantime a group of
mathematical problems characterized
by a certain kind of computational in-
tractability are serving as the basis of a
new class of encryption procedures that
are in many ways superior to current
techniques. The proposed new systems,
which were first put forward by Ralph
Merkle, Whitfield Diffie and me at Stan-
ford University, are termed public-key
cryptosystems. To understand the sig-
nificance of the term it is necessary to
consider briefly how methods of encryp-
tion have developed historically.

Aw cryptographic technique, such as
the substitution and transposition
of symbols, that operates on a message
without regard to its linguistic structure
is called a cipher and is said to generate
a ciphertext. (Codes, which I shall not
discuss here, operate on larger linguistic
units such as words or phrases.) More
precisely, the basis of any cipher is an
invertible function: an operation (per-
formed by the sender of the message)
that converts a plaintext, or unenci-



phered message, into a ciphertext and
has an inverse operation (performed by
the intended receiver of the message)
that recovers the plaintext from the ci-
phertext.

Originally the security of ciphers de-
pended on the secrecy of the entire en-
cryption process, but eventually ciphers
were developed for which the algo-
rithm, or sequence of steps, of encryp-
tion could be revealed without compro-
mising the security of a particular ci-
phertext. In such ciphers—the conven-
tional cryptosystems of today—a set of
specific parameters, called a key, is sup-
plied along with the plaintext message
as an input to the enciphering algorithm
and along with the ciphertext message
as an input to the deciphering algorithm.
In other words, the specific transforma-
tions of the plaintext and the ciphertext
depend on the key as well as on the enci-
phering and deciphering algorithms. In
fact, the algorithms themselves can be
made public, because the security of the
ciphertext generated in such a system
depends entirely on the secrecy of the
key. In the new public-key cryptosys-
tems not only the algorithms but also
the key for implementing the encipher-
ing algorithm can be revealed without
compromising the security of the ci-
phertext.

To understand the advantages con-
ferred by the public-key arrangement,
consider a conventional cryptosystem
employed for protecting information
transmitted over an insecure communi-
cations channel such as radio. A system
of this type can be viewed as a math-
ematical strongbox with a resettable
combination lock. After the sender and
the receiver agree on a sequence of num-
bers—the key—to serve as the combina-
tion of the lock, the sender places his
message in the box, sets the combination
and closes the lock. If the strongbox—
the cryptosystem—is secure, no third
party who intercepts the box while it is
en route to the receiver will be able to
getinto it to read or alter the message. In
other words, a conventional cryptosys-
tem prevents eavesdroppers from ex-
tracting information from an insecure
channel and prevents forgers from mod-
ifying information in the channel.

Until quite recently the principal us-
ers of cryptosystems were the military
and diplomatic services of the world.
The drawbacks of the conventional sys-
tems are particularly troubling, how-
ever, to the new commercial users of
cryptography. To begin with, before any
information can be enciphered and
transmitted over an insecure channel the
receiver and the sender must agree on a
key. Since the security of the system de-
pends exclusively on the secrecy of the
key, the key must be transmitted by
means of a secure channel such as a
trusted courier, a system that is slow and
costly. The distribution of keys is a par-
ticular problem in those instances when
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IN A CONVENTIONAL CRYPTOSYSTEM someone who wants to send a private message
is provided with an algorithm, or general enciphering procedure, G and obtains a key K, as is
shown in this model of the flow of information in such a system. The key, which must be kept
secret, is a set of parameters (typically a collection of large random numbers) for implementing
the algorithm, which can be made public. In other words, the algorithm and key together spec-
ify the actual enciphering transformation Gg. The sender operates on the plaintext P with
Gk to generate a ciphertext C, or Gx(P). The ciphertext can then be transmitted over an
insecure communications channel such as a radio channel. Another public algorithm effects
the inverse operation G-1, designated H for convenience. Knowing H and K, the receiver
operates on the ciphertext C with H to recover the plaintext P, or H x(C). A cryptanalyst who
knows G and H and intercepts C but does not know K will not be able to decipher the message.
Hence security of such a system lies entirely in secrecy of its keys. As a result keys needed by
users of system must be distributed by means of secure channel (color) such as trusted courier.

the individuals seeking privacy have had
no prior communication or when pri-
vacy must be maintained over a large
network, two situations that are often
encountered in commercial dealings.
Indeed, the cost and inconvenience of
relying on couriers to distribute the
amount of key information that is need-
ed for any broad application of cryptog-
raphy are virtually prohibitive.

The requirement of key distribution is
not the only drawback of the conven-
tional cryptosystems currently in serv-
ice. They also fail to meet fully the re-
quirements of message authentication.
Since a single key is shared between the
sender and the receiver, there is nothing
to prevent the receiver from sending
himself messages that appear to come
from the sender. Consider the diffi-
culties such forgeries could cause in
electronic mail or electronic banking
systems. Conventional cryptosystems,
then, cannot offer the same insurance
against disputes over what message (if
any) was sent that the exchange of
signed documents can. The public-key
systems, however, provide answers to
both the problem of distributing keys
and the problem of authentication.

In a public-key cryptosystem the send-
er and the receiver rather than agree-
ing on a single key each generate two
distinct keys of their own: an encipher-
ing key E, which serves to implement the
system’s enciphering algorithm, and a
deciphering key D, which serves to im-
plement the system’s deciphering algo-
rithm. The keys are related in the sense
that they serve to implement inverse op-
erations: operating on a plaintext mes-
sage first with the transformation speci-
fied by E and then with the transforma-
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tion specified by D reproduces the mes-
sage, and in some (but not all) systems
applying the transformations in the re-
verse order also reproduces the mes-
sage. The trick is that it is computation-
ally infeasible to derive D from E: the
calculation would require a vast amount
of computing time, perhaps thousands
or even billions of years on the most
powerful computer. Hence each user
can publish his enciphering key in a pub-
lic file such as a telephone book with-
out compromising his deciphering key,
which is kept secret. As in a convention-
al cryptosystem, the general procedures
for enciphering and deciphering are
public information. Therefore anyone
who wants to transmit information to a
particular person simply enciphers the
information with that person’s listed key
E and sends the ciphertext over an inse-
cure channel. Only the intended receiv-
er, who knows the corresponding secret
key D, will be able to decipher the trans-
mitted message.

To return to the strongbox analogy,
a public-key system provides a strong-
box with a new kind of lock, which has
two combinations: one to lock the box
and one to unlock it. (The box does not
lock automatically when it is closed.)
The locking combinations of all such
strongboxes are made public, so that
anyone can lock information in a partic-
ular strongbox, but only the individual
who owns the strongbox and has set the
two combinations will be able to get the
information out. With this kind of sys-
tem there is obviously no need of a se-
cure channel for the distribution of keys.
Moreover, some of the public-key sys-
tems allow for the construction of a
“digital signature” that prevents the for-
gery of messages by areceiver as well as
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by a third party. In other words, these
systems make it possible to dispense
with the transporting of signed docu-
ments and to depend exclusively on the
electronic transmission of information.

If an eavesdropper had unlimited
computing resources, he could break a
public-key system and recover a plain-
text. The enciphering operation E is
public and the number of possible plain-
texts is immense but finite, and so E
could be applied to each plaintext until
the intercepted ciphertext was repro-
duced. Since such an attack requires an
impossibly large amount of computing
time, however, the public-key systems
can still be computationally secure.
There are also similar techniques for
deriving the secret deciphering key D
from the public enciphering key E, but
once again the computational infeasibil-
ity of implementing those algorithms
provides the systems with practical se-
curity. To put it another way, the sys-
tems are based on what are called trap-
door one-way functions. A one-way
function is an easily computed function
for which it is computationally infeasi-
ble to compute the inverse function. A
trapdoor one-way function is an easily
computed function for which it is com-
putationally infeasible to compute the
inverse function unless certain specific
information that was employed in the
design of the function is known. Hence
like a trapdoor in the floor of a motion-
picture haunted house, such functions
are easy to go through in one direction,
but unless one possesses the special
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trapdoor information (analogous in the
haunted house to which brick to pull or
which panel to push) the reverse process
takes an impossibly long time.

he search for trapdoor one-way

functions on which to base public-
key cryptosystems led naturally to the
class of problems that complexity theo-
ry has identified as nondeterministic,
polynomial-time problems, or NP prob-
lems. For the purposes of these crypto-
systems the most important property of
the NP problems is that at present all the
algorithms that are known for finding
general solutions to them call for rapid-
ly increasing amounts of time, although
a proposed solution can be quickly
checked. In other words, as the size n of
such a problem increases, the number of
computational steps required to solve
the problem increases in proportion to,
say, an exponential function of nsuch as
2», whereas the number of steps re-
quired to check a possible solution in-
creases in proportion to a polynomial
function of n such as n2. Exponential
functions increase far more rapidly than
polynomial ones, so that a method of
solution that requires exponentially in-
creasing amounts of computer time is
impossible to implement for even mod-
erate-size problems. For mathemati-
cians concerned with cryptography the
appeal of the NP problems resides in the
factthat although it might take someone
billions of years to find a solution to
such a problem, once he found it he
could convince the rest of the world of
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IN A PUBLIC-KEY CRYPTOSYSTEM there is no need of a secure channel for the distribu-
tion of keys. As is shown here, each receiver generates two distinct keys: a public key E for im-
plementing the public enciphering procedure G and a secret key D for implementing the pub-
lic deciphering procedure H, which is the inverse of G. The keys E and D are related in the
sense that they serve to specify inverse transformations Gg and Hp, but given E it is computa-
tionally infeasible to derive D: computing D from E would require thousands or even billions of
years on the largest computer imaginable. Hence the receiver may communicate his encipher-
ing key E over an insecure channel, as is shown here, or even list it in a public directory with-
out compromising his deciphering transformation. A person who wants to send the plaintext P
to the receiver operates on it with the receiver’s enciphering transformation Gz to generate a
ciphertext C, or Gg(P). This ciphertext is transmitted over an insecure channel, and the re-
ceiver operates on it with the deciphering transformation Hp, to recover the plaintext P, or
Hp(C). As long as the deciphering key D is kept secret there is no way for an eavesdropper
to decipher the transmitted message. The challenge in designing such a system is to find general
procedures G and H for which pairs of inverse keys E and D are easily generated but for
which it is computationally infeasible to compute D from E. A source of such pairs is a group
of mathematical problems that are said to be in the class NP (see illustration on opposite page).
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its validity in seconds. As a result these
problems lend themselves readily to the
construction of one-way functions. And
for the NP problems on which public-
key cryptosystems have been based it
has been possible to build trapdoors into
the functions as well.

I shall describe here two public-key
cryptosystems based on NP problems:
the trapdoor knapsack system, devel-
oped by Merkle and me, and the RSA
system, developed by Ronald Rivest,
Adi Shamir and Leonard Adleman at
the Massachusetts Institute of Technol-
ogy. The first of these cryptosystems is
based on a well-known NP problem
called the knapsack or subset sum prob-
lem: Given a knapsack of length Cand a
set of nrods all of the same diameter as
the knapsack but of lengths ay, a,...,
a,, find a subset of the rods that com-
pletely fills the knapsack. To put it an-
other way, given a set of numbers ay,...,
a, and a sum C, determine which of the
numbers add up to C.

The public-key cryptosystem based
on this problem operates as follows. The
sender begins by converting his message
into a string of binary numbers. For ex-
ample, five bits (binary digits) might be
allocated for each letter, number or
punctuation mark in the plaintext, pro-
viding an alphabet of 25, or 32, charac-
ters: A = 00000, B = 00001, C = 00010
and so on. Once the message is in binary
form the sender consults a public direc-
tory of enciphering keys, which lists an
orderedset of n numbersa = (ay, ay, ...,
a,) for each user of the system. This set
is called the user’s trapdoor knapsack
vector.

In mathematics an ordered set of n
numbers is called an n-dimensional vec-
tor, and the “dot,” or scalar, product
of any two vectors of the same dimen-
sion is defined as follows: for vectors
a=(ay,...,a,) and b = (by,..., b,) the
dot product a-« b equals a1b, + azbs +
... +a,b,. This form of vector multipli-
cation is the basic operation of the enci-
phering algorithm in the trapdoor knap-
sack system. To encipher the string of
binary numbers that represents his mes-
sage the sender first breaks the string
into blocks of n bits, and for each block
x = (x1, x2,..., X,) he forms the dot
product C = a - x of that block with the
public enciphering vector q, that is, C =
ayx; t+agxe + ... + ayx,.

The sum C is the information the
sender transmits over the insecure chan-
nel, so that any eavesdropper is con-
fronted with the task of recovering x
from C and the numbers a,..., a,. In
what follows it will be convenient to re-
fer to the elements of a vector x as the
x;'s (or to the elements of a vector a as
the a;’s), where the values of i are taken
to be the integers from 1 to n. Since each
x; is equal to either 0 or 1, one can see
that the problem of recovering x from C
is equivalent to solving the knapsack or
subset sum problem for these values of



C and the a;s. The receiver must solve
the same knapsack problem, but to sim-
plify the task he has additional informa-
tion: his secret trapdoor parameters and
deciphering key.

hese steps should be made clear by a

simple example [see illustration on
page 155]. Consider a plaintext message
in which the first word is How. In bina-
ry form the message begins 0011101-
1101011011010. (This binary string,
in which the last five-bit block repre-
sents the space between How and the
next word in the message, is generat-
ed by the five-bit binary alphabet de-
scribed above.) Now assume that the
intended receiver’s public enciphering
key is a=(2,292, 1,089, 211, 1,625,
1,283, 599, 759, 315, 2,597, 2,463), or
a; = 2,292, a; = 1,089 and so on. Here
n equals 10, and the first block of infor-
mation, which consists of the first n bits
in the binary plaintext, is x = (0, 0, 1, 1,
1, 0, 1, 1, 1, 0). It is enciphered, then,
as C=ax;+ ... +ayx, or C=
(2,292 X0) + (1,089 X0) + 211 X 1) +
(1,625 X 1) + (1,283 X 1) + (599 X 0)
+ (759 X 1) + 315 X 1) + (2,597 X 1)
+ (2,463 X 0). Therefore C equals
6,790, and to decipher the message it
is necessary to determine which of the
a;’s add up to 6,790. (If a; is included
in the sum, x; is 1 and vice versa.)

None of the known methods for solv-
ing the knapsack problem is substantial-
ly less time-consuming than conducting
an exhaustive search, that is, adding up
all the 2~ possible subsets of the a;’s to
see which subset yields C. In the exam-
ple given above, where the number of
elements » is equal to 10, this might be
considered a workable approach. Some-
one intercepting C could try all the 219,
or 1,024, possible combinations of the
publicly listed a;’s and thereby recover
the vector x. In this instance the number
of elements in a is too small to provide
real secrecy. The knapsack problem is
an NP one, however, and therefore the
computational difficulty of all known
solution methods rapidly ‘“blows up.”
When the number of elements # is, say,
1,000, the number of possible subsets
21,000 js greater than the number of at-
oms in the known universe. Deciphering
by checking 2100 different subsets is
quite impossible, and so C effectively
shields the secret information x. On the
other hand, enciphering 1,000 bits of in-
formation in this system is quite effi-
cient, requiring no more than 1,000 ad-
ditions.

So far I have described what appears
to be a one-way function: apparently no
one, including the receiver, will be able
to recover x. If the elements of vector a
are chosen at random, this is exactly the
type of system that results. Even in this
simple example, however, a trapdoor
has been built in. The vector a has been
structured in such a way that with a
small amount of additional information
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PROBLEMS IN THE CLASS NP (which stands for nondeterministic, polynomial time) are
characterized by the fact that although it is easy to check a nondeterministic, or guessed, solu-
tion, it is hard to find a correct solution: As the size n of an NP problem increases, the number
of computational steps and hence the time required to check a solution increase in propor-
tion to a polynomial function of n such as n2 (black curve), but all known methods of finding a
solution increase in proportion to a more rapidly growing function of n, typically an exponen-
tial one such as 27 (colored curve). Exponential functions increase far more rapidly, and when
n is sufficiently large, NP problems become computationally infeasible. Hence they lend them-
selves readily to the design of one-way functions: easily computed functions whose inverses
are infeasible to compute. In some cases such problems can be developed into trapdoor one-
way functions: easily computed functions whose inverses are infeasible to compute unless cer-
tain facts employed in design of functions are known. Trapdoor one-way functions serve as ba-
sis of public-key cryptosystems: public key specifies easily computed function, which is infea-
sible to invert unless one knows secret key; that key specifies easily computed inverse function.

x can be derived from C much more
rapidly than by an exhaustive search. As
I have noted, not all NP problems lend
themselves to the insertion of such a
trapdoor. Here the trapdoor can be de-
vised because there are certain vectors
for which the knapsack problem is not
difficult to solve. The receiver takes one
of those special vectors a’ and disguises
it, publishing the resulting ordinary-
looking vector a in the public file of en-
ciphering keys. The trapdoor informa-
tion enables him to move back and forth
between a difficult knapsack problem in-
volving a and the easy but equivalent
knapsack problem involving a’.

To be more precise, in generating his
public vector a -the receiver begins
by choosing a vector a’' = (a,,..., a,’)
in which each element a;’ is larger than
the sum of the preceding elements
a,'+ay’+ ... +a; . For example,
if a’ equals (3, 5, 11, 20, 41, 83, 169,
340, 679, 1,358), then ay’, which equals
5, is greater than a,’, which equals 3;
as’, which equals 11, is greater than
a,’ + ay’, which equals 3 + 5, or 8, and
so on. Now, consider a ciphertext
C’' = 1,260 that was generated with this
special vector «’. In other words, C’
equals a'+x' for some binary vector
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x'=(x,',..., x,'), that is, 1,260 equals
3x1"+ 5x9’ + 11x3" + 20x4" + 41x5' +
83xg’ + 169x7" + 340xg’ + 679xy" +
1,358x "

Once again the problem of decipher-
ment is equivalent to solving a knapsack
problem, but in this instance because of
the special property of the vector a’ the
solution x' is easily determined. To be-
gin with, a,¢’, which equals 1,358, is
greater than C’, which equals 1,260, and
so obviously cannot be part of the subset
sum, that is, the rod is too long to fit into
the knapsack. Hence x;y’ must be 0. The
next-largest element in the vector is ay’,
or 679, whichislessthan C’, or 1,260. As
the special property of a' dictates, the
sum of the eight remaining elements of
a' must be less than 679, and so those
elements alone cannot “fill” the knap-
sack of length 1,260. Therefore 679
must be part of the sum, and xy’ must be
1. Since xg' equals 1 and x,¢’ equals 0,
the equation C’' = a’+ x’ can now be re-
written as 1,260 = 3x;" + S5xy’ + 11x3’
+ 20x4 + 41x5" + 83x¢" + 169x;" +
340xg' + 679 + 0. Subtracting 679 from
both sides of the equation reduces the
problem to determining which of the
elements a,’,..., ag’ add up to 1,260 —
679, or 581 (the length of the still emp-
ty part of the knapsack). Since ag’
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a,, = 2,463

a, = 2,597

ag = 315 \_//

a, = 759

ag = 599
C =6,790

a; = 1,283

a, = 1,625

=T

a, = 1,089

a, = 2,292

S

KNAPSACK PROBLEM is an NP problem from which a trapdoor
one-way function can be derived. The cylinder and set of rods shown
at the left illustrate the classic knapsack problem: Given a knapsack,
or cylinder, of length C and a set of n rods all of the same diameter as
the knapsack but of lengths a;, ay,..., a,, find a subset of rods that
fills the knapsack completely. This problem is in the class NP because
the best method known for solving it is not much more efficient than
trying all 27 possible subset sums to see which one equals C, and yet a
guessed solution can be checked with no more than » additions. Even
in the small 10-rod examples shown here, finding a solution (color)
by this method requires the testing of 210, or 1,024, different subsets,
and when n# is, say, 100, the task becomes impossible. An ordered set
of numbers such as a = (ay,...,4a,) or x = (xy,..., x,) is called a vec-
tor, and the “dot” product of two vectors a-x is defined as the sum
ayx;+ ... +a,x, Given a fixed vector a, a function of the variable
vector x can be defined as the dot product of x with the vector g, that
is, f(x) = a « x. If the elements xj,...,x, of x are all equal to 0 or 1, then
inverting this function, or determining which value of x gives a par-
ticular sum C = a+x, is equivalent to solving the knapsack problem
for C and the given values of aj,..., a,. The function is one-way be-
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a,, = 1,358

a,’ = 679

v&a, 169
a, =41
a, =20
ay 1
a, =5
a 3

cause the knapsack problem is in the class NP. Moreover, a trapdoor
can be built into the function, because for certain vectors, or sets of
rods,a’ =(a;y’y...,a,') the knapsack problem is easy to solve. In these
sets, such as the one shown in the problem at the right, each element
is greater than the sum of the preceding elements. To determine which
subset fills the knapsack begin with the last, or largest, element a,,’.
In this case a ¢’ equals 1,358, which is greater than 1,260, the length
of the cylinder C'. Hence a;(’ is not in the subset (that is, in the sum
C'=a;'x1+ ... +aj'x10, X10 equals 0). But ay’, which equals 679,
is smaller than 1,260, and since the remaining elements in the set add
up to a number even smaller than agy’, it must be in the subset (that
is, xg equals 1). The problem is now reduced to filling the remainder
of the cylinder, whose.length is C' — ay’, or 581, with a subset of the
remaining rods a,’,..., ag’, and so on. Continuing in the same way,
the problem can be solved (or the function based on it can be invert-
ed) with no more than 10 comparisons and 10 subtractions. As col-
ored lines indicate, there is a way to move back and forth between
the easy and hard knapsack problems. Parameters for effecting that
transformation are secret trapdoor information for trapdoor one-way
function based on knapsack problem (see illustration on page 155).

© 1979 SCIENTIFIC AMERICAN, INC



equals 340, which is less than 581, it is
included in the sum. Thus xg’ is 1. Con-
tinuing in this manner, it can be deter-
mined that the x’ is the original message
block x=1(0,0,1,1,1,0, 1, 1, 1, 0).

Constructing an easy knapsack vec-
tor such as a’ is not difficult, but how
does the receiver get from a’ to a and
back again? To accomplish that feat he
chooses two large random numbers w
and m and generates the vector a accord-
ing to the equation a; = a;w modulo m,
for each i from 1 to n. The expression
“modulo m” indicates that a; should be
taken to be the remainder left when a;'w
is divided by m. For example, if w equals
764 arid m equals 2,731, consider the
element a4’ of vector a’. Since a4’ equals
20, a4'w equals 15,280. Dividing 2,731
into 15,280 gives 5 with a remainder of
1,625, so that a4, or a4'w modulo m,
equals 1,625.

Modular arithmetic plays a large part
in public-key cryptosystems, because it
turns smooth, or continuous and contin-
ually increasing or decreasing, functions
into discontinuous ones, introducing a
large factor of confusion into the calcu-
lation of their inverses: the values of
x that correspond to particular values
of f(x). Consider the simple function
f(x) = 4x. As x increases, the value of
f(x) increases in a very orderly way; for
example, f(3) is 12, f(4) is 16, A5) is 20,
f(6) is 24 and so on. As a result if one is
given a specificnumber y = f(x), it is not
difficult to determine x by a process of
guesswork and elimination without ever
actually solving the equation y = 4x. In
other words, if a function is smooth,
then no matter how hard solving explic-
itly for x is, it may still be possible to
determine the value of x for a particular
f(x) through trial and error. For exam-
ple, if f(x) equals 20, one might guess
that x equals 3. Then f{x) would equal
12, which is too small, so that the correct
value of x must be greater than 3. If,
however, x = 6 were tried, f(x) would
equal 24, which is too large, so that x
must be less than 6, and so on. Such
smooth functions present problems in
public-key systems, which depend on
functions for shielding numbers.

Consider what happens, however, if
modularity is added. When f(x)
equals, say, 4x modulo 7, as x increases,
the value of f{x) jumps around in a quite
haphazard way. For example, f(1) is 4,
A2)is 1, f(3) is 5, f(4) is 2, f(5) is 6 and
f(6) is 3. Even in such a simple case it is
clear that this function that includes
modularity provides far better protec-
tion for the values of x than the one
that does not include it. In the case of
the trapdoor knapsack system, applying
modularity in the generation of the diffi-
cult knapsack vector a prevents the re-
covery of a’ for anyone who does not
know the secret transformation parame-
ters w and m.

For anyone who does know w and m,
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however, the conversion back into a’
would not be difficult at all. In fact, with
those parameters it is quite easy to con-
vert the difficult knapsack problem in-
volving the vector a and the transmitted
ciphertext message C into an easy knap-
sack problem involving the vector a’
and a new sum C’ and then to solve
(or decipher) for x. To begin with, itisa
simple mathematical exercise to calcu-
late the inverse of w modulo m, that is,
the number w-1that when multiplied by
wmodulo m gives 1. There is a fast pro-
cedure for finding inverses in modular
arithmetic (based on Euclid’s algorithm
for finding the greatest common divisor
of two numbers) that makes this calcula-
tion efficient, even in a realistic system in
which w and m are on the order of 50
digits long. (Incidentally, for this pur-
pose w and m must be chosen to be rel-
atively prime; if they had a common
factor, or divisor, there would be no
multiplicative inverse of w modulo m.)

To decipher the message C, then, the
receiver first calculates C' = Cw—1 mod-
ulo m. To see what this operation ac-
complishes remember that C equals
ayx,+ ... +a,x,. In modular arith-
metic, as in ordinary arithmetic, it is per-
missible to multiply both sides of an
equation by the same quantity so that
Cw~1 modulo m equals a;x;w-1+ ...
+a,x,w-Lorawlx;+ ... +a,w1lx,,
modulo m. The vector a was generated
from the vector a’, however, by com-
puting a; = a;'w modulo m for each i.
Hence a,w-1 equals a;/ modulo m for
each i, that is, a;w-1 equals a,’ mod-
ulo m, a;w-1 equals ay’ modulo m and
so on. Substituting these last results
into the preceding equation, one discov-
ers that C’, or Cw-1 modulo m, equals
a'xy+ ... ta,x, ora -x.

In other words, calculating Cw-1
modulo m is all that is needed to convert
the problem of deciphering C into an
easy knapsack problem. The receiver
simply applies his secret vector a’ to
solve the knapsack problem for C’ and
recover x. For those who do not have the
secret information w and m, however,
there is no easily implemented method
known of transforming C into C' (or

translating the difficult vector a into the
easy vector a') for efficient deciphering.

In the 10-element example I have
been discussing it is easy to verify that
the numbers w and m relating a and a’ or
Cand C’ arerespectively 764 and 2,731,
and that w—11s 1,605. Notice that in this
public-key system the trapdoor infor-
mation w, m and a’ is virtually synony-
mous with the secret deciphering key
w-1, m and a'. The same is not true of
all public-key cryptosystems. (In practi-
cal cryptosystems based on the trapdoor
knapsack scheme it may be desirable to
introduce additional security by iterat-
ing the conversion process, so that the
public and the private vectors differ by
several transformations and several in-
termediate vectors.)

Since only the numbers w, or w-1, and
m and the vector a’ must be kept secret,
all users of the trapdoor knapsack sys-
tem can employ the same public com-
puter program for generating both their
public key and their secret parameters.
Utilizing a random-number generator
to provide the program with a’, w and m
will serve to ensure that each user’s pair
of keys is distinct. Similarly, a public
program could be made available that
would encipher messages and, when it
was supplied with the secret parameters,
decipher messages. Therefore no mathe-
matical ability is required to implement
the trapdoor knapsack cryptosystem.
Any useful public-key system must have
this same characteristic.

he second public-key system I shall

describe is based on an NP problem
that has an even longer and more dis-
tinguished history of resisting solution
than the knapsack problem: the problem
of factoring a large number, or finding
all the primes that divide it evenly. (A
prime number is an integer that is di-
visible only by 1 and itself.) This prob-
lem has been studied since the time of
the ancient Greeks, and although some
progress has been made with it, factor-
ing a 200-digit number would still take
the most powerful modern computer
about a billion years. To give a smaller
example, consider the problem of fac-
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MODULAR ARITHMETIC is employed in many cryptosystems to further disguise informa-
tion already transformed by an enciphering function. As is shown here, the value of an integer
a modulo another integer b is defined as the remainder left when a is divided by 5. For ex-
ample, 27 modulo 11 equals 5, because 11 goes into 27 twice with 5 left over. The usefulness
of this operation is shown for a simple enciphering function C = P3, As P increases, the con-
tinuous way P3 increases makes it possible to invert the function, or determine what value
of P corresponds to a particular value of C, even though there is no simple formula for ex-
pressing P as the cube root of C. More precisely, a value of P that gives too small a value of
C'is itself too small, whereas value of P that gives too large value of C is itself too large. When
modularity is added, however, so that C' equals P3 modulo 11, values of function are thrown
into disarray. As P increases, C' changes in a quite discontinuous way, effectively shielding P.
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toring 29,083. Calculating by hand, it
would take the better part of an hour to
find the only two factors of this number:
127 and 2209. It takes less than a minute,
however, to verify that those factors are
correct, suggesting that the problem of
factoring is a good basis for the con-
struction of a one-way function. Figur-
ing out how to build a trapdoor into
such a function presents more difficult
obstacles, but they have been overcome
by Rivest, Shamir and Adleman, the de-
signers of the RSA system.

To generate a public enciphering key
each user of the RSA public-key system
(or rather a program run on his comput-
er) chooses two large random prime
numbers p and ¢q. The product n of these
two numbers and another random num-
ber E are placed in the public file as the
user’s enciphering key. To apply the key
a sender first converts his message into a
string of numbers, which he then breaks
into blocks Py, P, .... In this instance it
is not necessary to use binary numbers,
but each plaintext number P; must be
between 0 and n — 1. (The enciphering
and deciphering functions operate mod-
ulo n and so can distinguish between
numbers in this range only.) Locating
the user’s public key (E, n) in the directo-
ry, the sender computes for each plain-
text number P; the ciphertext number
C;= P;£ modulo n. For example, if p
equals 5, g equals 11 and E equals 3,
then the user’s enciphering key is (3, 59),
and to encipher the plaintext informa-
tion P=2 a sender would compute
C=23=8 modulo 55. (Because the
numbers in this example are so small
modularity does not yet play a role.)

The RSA public-key cryptosystem is
based on the fact that although finding
large prime numbers is computationally
easy, factoring the product of two such
numbers is at present computationally
infeasible. (It is important to understand
that because there are computational-
ly efficient primality tests, determining
whether a number is prime is much easi-
er than factoring a number of about the
same size.) To decipher a ciphertext Cy,
C,,..., the user employs n and a secret
deciphering key D derived from the
prime factors p and q of n.

o understand how the deciphering

key is derived it is necessary to con-
sider the number (p — 1)(¢ — 1): a well-
known object in number theory called
Euler’s totient function. This function,
which is written ¢(n), is defined as the
number of integers between 1 and n that
have no common factor with n. It is not
hard to see that if n equals pq, then ¢(n)
equals (p — 1)(¢ — 1). The number ¢(n)
is introduced here because in functions,
such as the one used for enciphering in
the RSA system, that are calculated
modulo n, arithmetic in the exponent is
carried out not modulo » but modulo
¢(n). An example may make this idea
clearer. Consider the expression 211
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modulo 10. Since 21! is equal to 2,048
and dividing 10 into 2,048 leaves a re-
mainder of 8, the expression is equal to
8. Note that calculating by first reduc-
ing the exponent modulo 10 does not
give the correct answer, since 11 modulo
10 equals 1, and 2! equals 2. On the
other hand, 10 equals 2 X 5, and so
$(10) equals (2 — 1)(5 — 1), or 4. Since
11 modulo 4 equals 3, calculating 211
modulo 10 by first reducing the expo-
nent modulo 4 gives the correct answer:
23, or 8.

Now, the properties of ¢(n) guarantee
that there is always a multiplicative in-
verse D of E modulo ¢(n), that is, ED
modulo (p — 1)(g — 1) is equal to 1. In
fact, there is always a fast, computa-
tionally easy method for deriving D. (It
is not hard to see that in the example
discussed above, where p equals 5, ¢
equals 11 and Eequals3,(p — 1)(¢— 1)
equals 40 and D equals 27, because
3 X 27 is one more than 2 X 40.) This
inverse D is the secret deciphering key
for the RSA system. To decipher a ci-
phertext the receiver computes C;?
modulo n for each ciphertext number
C;. C; equals P;£ modulo n, so that C;?
modulo nequals (P;E)2, or P;ED, modulo
n. Because arithmetic in the exponent is
performed modulo ¢(n) and ED modu-
lo ¢(n) equals 1, P;ED modulo n equals
P;1, or P; In other words, raising the
ciphertext to the Dth power and re-
ducing modulo n recovers the plaintext.

Hence in the RSA cryptosystem mod-
ularity plays a dual role, not only block-
ing the recovery of the secret decipher-
ing key D from the public enciphering
key (E, n) but also, by its presence in the
enciphering algorithm, preventing a di-
rect recovery of the plaintext from the
ciphertext. The difficulty of computing
D from the public information (E, n)
depends on the difficulty of factoring n,
or of deriving p and gfrom n. Once again
the example I have given is too small to
provide real secrecy, but since factoring
large numbers is a very difficult prob-
lem, the difficulty of breaking the cipher
blows up rapidly as » increases. When p
and q are chosen so that 7 is about 200
digits long, it appears to be computa-
tionally infeasible for anyone but the in-
tended receiver to decipher the message.

Just as the deciphering procedure
(without the trapdoor information)
must be computationally infeasible, the
public enciphering procedure and secret
deciphering procedure must be compu-
tationally efficient. At first the imple-
mentation of the RSA system appears to
present some practical problems in this
area. Consider the simple example in
which the plaintext number P =2 was
transformed into the ciphertext number
C = 8. To apply the deciphering algo-
rithm P = CP modulo 7 it is necessary to
calculate 827 modulo 55 (which does in-.
deed equal 2). Multiplying 8 by itself 27
times is, however, a cumbersome proc-
ess involving large numbers and a great
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FLOW OF INFORMATION in the trapdoor knapsack cryptosys-
tem is shown at the left. The corresponding transformations of the
first block of plaintext HO are shown at the right. In this public-key
system based on the knapsack problem each receiver (by means of a
random-number generator) selects a secret vector a' = (a,'y..., a,’)
with the property that each element is greater than the sum of the pre-
ceding elements and also selects two large random numbers w and m
with no common factors (). The numbers w and m are the trapdoor
parameters for converting the secret “easy” vector a' into a “difficult”
public vector a = (ay,..., a,) by means of the equations a; =a;'w
modulo m, a; = a3'w modulo m and so on. The difficult vector a is
transmitted to the sender over an insecure channel or is listed in a
public directory as the receiver’s enciphering key (2). To encipher a
plaintext P a sender begins by converting it into a binary string ac-
cording to, say, the five-bit binary alphabet given at the top of the
illustration on page 146 (3). The sender then looks up the receiver’s
public key and breaks the string into blocks of n binary digits (4). For
example, in the system shown at the right (in which the numbers are

GENERATOR |
— —

far too small to provide real secrecy) there are 10 elements in the pub-
lic vector, and so the binary string is divided into blocks of 10 bits
each. Every block is enciphered by forming its dot product with a (5),
that is, if the first block is x = (xy,..., x,), the first ciphertext number
Ciequalsa“x, orajx; + ... + a,x, and so on. The ciphertext num-
bers are transmitted to the receiver over an insecure channel. The
receiver recovers, say, x by calculating first w-! (6) and then C,' =
Cw-1 modulo m (7). (The number w-! is the inverse of w modulo
m, the number that when multiplied by w gives 1 modulo 7.) Remem-
ber that a; equals a;'w modulo m, a; equals az'w modulo m and
so on, and therefore a;’ equals a;w-! modulo m, a;' equals asw-!
modulo m and so on. Hence C,’, or C;w-! modulo m, which equals
axyw-1+ ... +a,x,w-1 or ayw-x;+ ... +a,w-1x,, modulo m,
equals a,'x; + ... +a,'x,. In other words, C;’ equals a’'+x, and the
difficult knapsack problem of recovering x from C; and a has been
converted back into the easy problem of recovering x from C,’ and
a'. Only receiver, who possesses trapdoor information w and m and
knows secret vector a', can effect transformation and recover x (8).
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many computational steps. In more re-
alistic RSA systems, where Dwould be a
200-digit number, this procedure would
be impossible to carry out, even on a
very powerful computer.

Fortunately there is a much faster
method for calculating functions of this
kind. First the binary expansion of the
exponent (the expression of the expo-
nent as a sum of powers of 2) is utilized
to break up the function into a product

SENDER

of smaller factors; for example, 27
equals 1+2+8+ 16, and so 8%
equals 8 X 8 X 88 X 816, Now, by cal-
culating the smaller factors first and
then taking their product, the number of
operations required can be limited. For
example, 82 modulo 55 can be evaluated
with only one modular multiplication
(an ordinary multiplication followed by
an ordinary division), since 8 X 8, or 64,
modulo 55 equals 9. Then 84, which
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10,800 = (73 -- 1)(151 — 1)
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E=11,
p =73,q =151
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5,891 = 11" modulo 10,800

is equal to 82 X 82, can be evaluated
with an additional modular operation,
9 X 9 = 81 = 26 modulo 55, and so on.
(Substituting the value of 82 modulo 55,
namely 9, into the larger factors pre-
vents the size of the numbers involved
in the computation from blowing up.)
Hence only seven modular multiplica-
tions are needed to calculate 827: four to
evaluate 82, 84, 8 and 816 and three
more to multiply 8 times 8 times 88
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C, = 462" modulo 11,023 = 727

C, = 2,414" modulo 11,023 = 10,032
C, = 2,066"" modulo 11,023 = 2,253

TRANSMIT

P, = 10,2605 modulo 11,023 = 3,314
P, = 9,48958° modulo 11,023 = 2,262
P, = 1,78258% modulo 11,023 = 0,017
P, = 727589 modulo 11,023 = 0,462 |
P, = 10,0325 modulo 11,023 = 2,414
P = 2,25358°" modulo 11,023 = 2,066

RECEIVER

RSA PUBLIC-KEY CRYPTOSYSTEM is based on the problem of
factoring a large number, or finding all the prime numbers that divide
it evenly. (A prime number is an integer that is divisible only by 1 and
itself.) As is shown at the left, each receiver in the RSA system gener-
ates two large random prime numbers p and ¢, which serve as his se-
cret trapdoor parameters, and a large random number E (). There are
computationally efficient tests for identifying primes such as p and
¢, but when these numbers are sufficiently large, it is computationally
infeasible to derive them from their product pg, or n. The receiver lists
E and n as his public deciphering key (2). To encipher a plaintext P
the sender first converts it into a string of numbers, using the decimal
alphabet shown at the bottom of the illustration on page 146 (3), and
then breaks the string into blocks of equal length Py, P,,..., so that
each number P; in this series is less than n (4). Each block is convert-
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ed into a ciphertext number by raising it to the Eth power and then
reducing modulo »n, that is, C; equals P;£ modulo n, C; equals PyE
modulo n and so on (5). The ciphertext numbers C1,Cs, ... are transmit-
ted over an insecure channel. Arithmetic in the exponent of a function
that is calculated modulo » must be carried out modulo ¢(n), where
¢(n) equals (p — 1)(¢ — 1), and so the receiver utilizes p and g to deter-
mine ¢(11) =(p —1)(¢ — 1) and then D = E-1 modulo ¢(n1), which
serves as his secret deciphering key (6). To convert Cy, Cy,... back into
plaintext numbers the receiver raises each one to the Dth power and
reduces it modulo n (7). Because C;2 modulo n equals (P;£)?, or P;ED,
modulo n and ED modulo ¢(n) equals 1, P,ED equals P; modulo n. In
other words, this operation inverts the enciphering transformation, re-
covering the plaintext number blocks Py, Py,....In the example shown
at right the values of E, p and g are too small to provide real security.
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times 816, Even when D is a 200-digit
number, this method results in a deci-
phering procedure that is quite efficient,
requiring at most 1,330 modular multi-
plications rather than the 10200 opera-
tions necessary in the straightforward
approach.

he RSA system is a public-key cryp-

tosystem that allows the direct gen-
eration of a digital signature: a number
that can be appended to a ciphertext
message to solve the problems of au-
thentication mentioned above. To be of
real service such a signature must be
easy for the sender to generate and for
the receiver to check but must be com-
putationally infeasible for a third party
or the receiver himself to generate. Of
the various methods for generating digi-
tal signatures the simplest involves ex-
ploiting the inverse relation of the pub-
lic enciphering and secret deciphering
keys by reversing their roles. For exam-
ple, in the RSA system the sender can
utilize his own secret deciphering key D
as a signing key, to compute the sig-
nature S; = P;2 modulo n for each P;
in the series of plaintext numbers Py,
Ps, ... that represent a message to be
transmitted. (Remember that each P; is
chosen to be between 0 and n — 1.) Once
the signatures S}, S5,... have been gen-
erated the sender enciphers each signed
message block (P, S;), using the receiv-
er’s public enciphering key. This second
operation has nothing to do with signa-
ture generation; it simply ensures the
privacy of the communication.

The receiver uses his own secret key
to recover the signed message block (P;,
S,), and then he looks up the sender’s
public key (E, n) and computes S;£ mod-
ulo n for each i. D and E effect inverse
operations regardless of the order of
their application, and so since S; equals
P2 modulo n, S;£ modulo n should be
equal to P;. If that is the case, the receiv-
er can be sure that the message comes
from the apparent sender and that it has
not been tampered with. Since the digi-
tal signature depends on both the sender
and the message sent, it offers a level of
security different from that of a written
signature, which is the same for all mes-
sages. With the digital signature neither
the receiver nor a third party can alter
the message without destroying the va-
lidity of the signature. (When the mes-
sage to be sent is long, rather than sign-
ing each submessage separately it may
be desirable to compress the message
and calculate a single signature S; that
compression can be effected in such a
way that § still depends on the entire
message P.)

he traditional difficulties of solving
the knapsack and factoring prob-
lems can be taken as an encouraging
sign that the public-key cryptosystems
based on these problems are in practical
terms secure. A past history of intracta-

bility cannot, however, be considered a
proof that a system is secure. It is always
possible, if unlikely, that at some time in
the future computationally efficient gen-
eral methods for solving these problems
will be found. An even greater hazard is
that a method will be discovered for
breaking one of the cryptosystems with-
out solving the corresponding general
problem. For example, it is possible that
although solving most regular knapsack
problems is computationally infeasible,
there is an easy way to solve the much
smaller set of trapdoor knapsack prob-
lems. Similarly, it may be possible to
recover the plaintext enciphered by the
RSA technique without finding the fac-
tors of n. (Michael O. Rabin of the He-
brew University of Jerusalem has re-
cently shown, however, that in the case
where the enciphering exponent E is 2,
the security of the RSA system is not
simply dependent on the difficulty of
factoring n but is actually equivalent to
it. This finding constitutes an important
first step toward the goal of developing
provably secure systems.)

Cryptography has not yet advanced to
the stage where it can prove the compu-
tational security of even a conventional
system or a one-way function. Hence it
is not surprising that there is no way to
establish the security of the public-key
systems, which are based on the more
complex trapdoor one-way functions. It
is hoped, however, that over the next
decade or two complexity theory will
advance to the point where such proofs
can be formulated. Some progress has
been made in this direction through
the study of a special subset of the NP
problems.

Remember that the NP problems are
ideal candidates for one-way functions
because finding a solution to them is
computationally difficult but checking
a proposed solution is computationally
easy. Some of these problems such as
the knapsack problem (but not factor-
ing) belong to the subset of the NP prob-
lems that is called NP-complete. The
NP-complete problems have the added
property that if any one of them had an
easily implemented method for finding
general solutions, then all the NP prob-
lems would. Now, all cryptanalytic
problems—problems of breaking cryp-
tosystems—are in the class NP, since it is
always easy to check the validity of a
proposed key. Therefore if any NP-
complete problem can be solved rapid-
ly, it follows that all cryptographic sys-
tems can be broken easily. Roughly
speaking, then, if the security of a cryp-
tosystem could be shown to be equiva-
lent in difficulty to an NP-complete
problem, it would be as secure as any
cryptographic system can be.

One flaw in this type of evaluation is
that complexity theory deals with the
“worst case” computational difficulty of
solving a problem, whereas cryptogra-
phy is concerned with the average or
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typical difficulty of solving a problem.
For example, in current complexity the-
ory a problem whose solution requires
101,000 operations 1 percent of the time
but only 100 operations 99 percent of
the time is considered to be difficult. Ob-
viously a cryptosystem that can be bro-
ken 99 percent of the time is worthless.
Workers in complexity theory are aware
of this shortcoming and are currently
developing more suitable measures of
computational difficulty.

Although factoring is not an NP-com-
plete problem, it has through the years
largely resisted the attack of some of
the best mathematical minds. That is
why Rabin’s proof, which establishes
an equivalence between the difficulty of
factoring and breaking an RSA scheme,
is an extremely important result. Until
such time as the security of proposed
cryptosystems can be formally evaluat-
ed, however, it is a worthwhile (and in-
tellectually challenging) exercise to try
to break them.

In electronic communications systems,
as in any new technology, there is a
potential for misuse. For example, the
danger of foreign or domestic intelli-
gence organizations spying on Ameri-
can citizens who rely on these systems is
a real one. It has recently been revealed
that U.S. microwave telephone traffic
is being monitored in at least one for-
eign embassy in Washington. In the late
1960’s the U.S. Government’s “Opera-
tion Shamrock” intercepted internation-
al Telex communications to and from
“targeted” individuals, including anti-
war activists. If such excesses are to be
limited, both legal and technical safe-
guards are needed.

There is always a trade-off between
the rights of citizens to privacy and the
desire of government intelligence agen-
cies to limit the availability of secure
cryptosystems. A conflict in this area
has recently arisen concerning the Fed-
eral Data Encryption Standard, a con-
ventional cryptosystem issued by the
National Bureau of Standards for non-
military encryption purposes. The Na-
tional Security Agency convinced the
International Business Machines Cor-
poration, the company that designed the
standard, to reduce the key size to 56
bits. Although there is controversy sur-
rounding the issue, I believe the reduc-
tion in key size was meant to weaken the
standard so that if it were ever employed
by a foreign organization, it could be
broken by the National Security Agen-
cy. Issues similar to this one will certain-
ly arise as the new public-key systems
become commercial realities. It is to be
hoped that these issues will be decided
by an open discussion of the relative
needs of the intelligence community and
the citizenry rather than, as appears to
have been the case, by the unilateral
decision of the intelligence community
that its needs take precedence.

157



Problems in Physics
with Many Scales of Length

Physical systems as varied as magnets and fluids are alrke in having

fluctuations in structure over a vast range of sizes. A novel method

called the renormalization group has been invented to explain them

ne of the more conspicuous prop-
O erties of nature is the great di-

versity of size or length scales in
the structure of the world. An ocean, for
example, has currents that persist for
thousands of kilometers and has tides
of global extent; it also has waves that
range in size from less than a centimeter
to several meters; at much finer resolu-
tion seawater must be regarded as an
aggregate of molecules whose charac-
teristic scale of length is roughly 108
centimeter. From the smallest structure
to the largest is a span of some 17 or-
ders of magnitude.

In general, events distinguished by a
great disparity in size have little influ-
ence on one another; they do not com-
municate, and so the phenomena asso-
ciated with each scale can be treated
independently. The interaction of two
adjacent water molecules is much the
same whether the molecules are in the
Pacific Ocean or in a teapot. What is
equally important, an ocean wave can
be described quite accurately as a dis-
turbance of a continuous fluid, ignoring
entirely the molecular structure of the
liquid. The success of almost all practi-
cal theories in physics depends on isolat-
ing some limited range of length scales.
If it were necessary in the equations of
hydrodynamics to specify the motion of
every water molecule, a theory of ocean
waves would be far beyond the means of
20th-century science.

A class of phenomena does exist,
however, where events at many scales of
length make contributions of equal im-
portance. An example is the behavior of
water when it is heated to boiling under
a pressure of 217 atmospheres. At that
pressure water does not boil until the
temperature reaches 647 degrees Kel-
vin. This combination of pressure and
temperature defines the critical point of
water, where the distinction between lig-
uid and gas disappears; at higher pres-
sures there is only a single, undifferenti-
ated fluid phase, and water cannot be
made to boil no matter how much the
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temperature is raised. Near the criti-
cal point water develops fluctuations in
density at all possible scales. The fluctu-
ations take the form of drops of liquid
thoroughly interspersed with bubbles of
gas, and there are both drops and bub-
bles of all sizes from single molecules up
to the volume of the specimen. Precisely
at the critical point the scale of the larg-
est fluctuations becomes infinite, but the
smaller fluctuations are in no way di-
minished. Any theory thatdescribes wa-
ter near its critical point must take into
account the entire spectrum of length
scales.

Multiple scales of length complicate
many of the outstanding problems in
theoretical physics and in certain other
fields of study. Exact solutions have
been found for only a few of these prob-
lems, and for some others even the best-
known approximations are unsatisfac-
tory. In the past decade a new method
called the renormalization group has
been introduced for dealing with prob-
lems that have multiple scales of length.
It has by no means made the problems
easy, but some that have resisted all oth-
er approaches may yield to this one.

The renormalization group is not a
descriptive theory of nature but a gener-
al method for constructing theories. It
can be applied not only to a fluid at the
critical point but also to a ferromagnetic
material at the temperature where spon-
taneous magnetization first sets in, or to
a mixture of liquids at the temperature
where they become fully miscible, or to

an alloy at the temperature where two
kinds of metal atoms take on an orderly
distribution. Other problems that have a
suitable form include turbulent flow, the
onset of superconductivity and of su-
perfluidity, the conformation of poly-
mers and the binding together of the ele-
mentary particles called quarks. A re-
markable hypothesis that seems to be
confirmed by work with the renormali-
zation group is that some of these phe-
nomena, which superficially seem quite
distinct, are identical at a deeper lev-
el. For example, the critical behavior
of fluids, ferromagnets, liquid mixtures
and alloys can all be described by a sin-
gle theory.

he most convenient context in which
to discuss the operation of the renor-
malization group is a ferromagnet, or
permanent magnet. Ferromagnetic ma-
terials have a critical point called the
Curie point or the Curie temperature,
after Pierre Curie, who studied the ther-
modynamics of ferromagnets at about
the turn of the century. For iron the
Curie temperature is 1,044 degrees K.
At higher temperatures iron has no
spontaneous magnetization. As the iron
is cooled the magnetization remains
zero until the Curie temperature is
reached, and then the material abruptly
becomes magnetized. If the temperature
is reduced further, the strength of the
magnetization increases smoothly.
Several properties of ferromagnets
besides the magnetization behave oddly

MULTIPLE SCALES OF LENGTH characterize the patterns that emerge when a ferromag-
netic solid is cooled to the temperature at which it becomes spontaneously magnetized. Each
square represents the magnetic moment associated with a single atom in the solid, and each
moment is assumed to have only two possible orientations, labeled “up” (black squares) and
“down” (open squares). At high temperature (t0p) the orientation of the magnetic moments is
essentially random, and so there is only short-range order in the pattern. As the temperature is
reduced (middle) somewhat larger patches in which most of the magnetic moments are lined
up in the same direction begin to develop. When the temperature reaches a critical value called
the Curie temperature, or 7. (bottom), these patches expand to infinite size; significantly,
however, fluctuations at smaller scales persist. As a result all scales of length must be included
in a theoretical description of the ferromagnet. This simulation of a ferromagnet was carried
out with the aid of a computer by Stephen Shenker and Jan Tobochnik of Cornell University.
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near the Curie point. Another property
of interest is the magnetic susceptibility,
or the change in magnetization induced
by a small applied field. Well above the
Curie point the susceptibility is small
because the iron cannot retain any mag-
netization; well below the Curie temper-
ature the susceptibility is small again be-
cause the material is already magnetized
and a weak applied field cannot change
the state of the system very much. At
temperatures close to 1,044 degrees,
however, the susceptibility rises to a
sharp peak, and at the Curie point itself
the susceptibility becomes infinite.

The ultimate source of ferromagnet-
ism is the quantum-mechanical spinning
of electrons. Because each electron ro-
tates it has a small magnetic dipole mo-
ment; in other words, it acts as a magnet
with one north pole and one south pole.
How the spin of the electron gives rise to
the magnetic moment will not concern
me here. It is sufficient to note that both
the spin and the magnetic moment can
be represented by a vector, or arrow,

which defines the direction of the elec-
tron’s magnetic field.

A real ferromagnet has a complex
atomic structure, but all the essential
properties of the system of spins can be
illustrated by a quite simple model.
Indeed, I shall describe a model that
includes no atoms or other material par-
ticles but consists only of spin vectors
arranged in a lattice. For the sake of
simplicity I shall deal with a two-di-
mensional lattice: a rectilinear grid of
uniformly spaced lines in a plane, with
a spin vector at each intersection of the
grid lines. Furthermore, I shall assume
that each spin can point in only two
possible directions, designated up and
down. The model lattice is said to be
magnetized whenever more than half of
the spins point in the same direction.
The magnetization can be defined as the
number of up spins minus the number of
down spins.

Every electron has the same spin
and the same magnetic dipole moment.
What distinguishes a ferromagnet from
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MODEL OF A FERROMAGNET consists of vectors, or arrows of fixed length, arranged at
the sites of a lattice. Each vector represents the spin angular momentum and the magnetic mo-
ment of a single electron, and it can be oriented either up or down. Nearest-neighbor lattice
sites are coupled in such a way that adjacent spin vectors are likelier to be parallel than anti-
parallel. From the strength of the coupling, which declines as the temperature increases, a prob-
ability, P, can be assigned to every possible configuration of the spin vectors. All the configura-
tions of a lattice made up of just four sites are shown here. The net magnetization, M, of each
configuration is easily calculated: it is the number of up spins minus the number of down spins.
The magnetization of the model at any given temperature is found by multiplying the magneti-
zation of each configuration by the probability of that configuration, then adding up all the re-
sults. The prébabilities shown were calculated for a coupling strength of .5, which corresponds
to a temperature (in arbitrary units) of 2. The model is called the two-dimensional Ising model.
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other materials is a coupling between
nearby spins that makes them tend to
line up in the same direction. This ten-
dency can be stated more precisely by
pointing out that the total energy of any
two adjacent spins is smaller when the
spins are parallel than it is when they are
antiparallel. The interaction responsible
for the coupling of the spins has a short
range, which is reflected in the model by
specifying that only nearest-neighbor
spins are coupled to each other. In the
two-dimensional rectilinear lattice each
spin is influenced by four nearest neigh-
bors; no other spins have any direct ef-
fect on it.

From the nature of the interaction be-
tween spins in a ferromagnet one
might well predict that all the spins
would always be parallel and the mate-
rial would always have its maximum
magnetization. That is the state of low-
est energy, and in the absence of any
perturbing effects it would be the fa-
vored state. In a real ferromagnet, how-
ever, there is one perturbation that can-
not be neglected: the thermal motion of
the atoms and the electrons. At any tem-
perature above absolute zero thermal
excitations of the solid randomly flip
some of the spins so that the direction of
the spin vector is reversed, even when
reversing the spin puts the magnet in a
state of higher energy. Hence it is no
surprise that the magnetization decreas-
es as the temperature increases: that re-
lation simply reflects increasing thermal
disruption. What remains curious is that
the magnetization is not a smooth func-
tion of the temperature but instead dis-
appears abruptly at a certain finite tem-
perature, the Curie point.

Competition between the tendency
toward a uniform spin orientation and
the thermal introduction of disorder can
readily be incorporated into a model of
a ferromagnet. The strength of the cou-
pling between adjacent spins is given by
a number, K, that must be specified in
the design of the model. Thermal effects
are included simply by making K in-
versely proportional to the temperature.
With the appropriate units of measure-
ment the coupling strength can be set
equal to the reciprocal of the tempera-
ture, a relation expressed by the equa-
tion K=1/T.

What the coupling strength deter-
mines is the probability that two adja-
cent spins are parallel. When the tem-
perature is zero, there are no thermal
effects and adjacent spins are certain to
be parallel; the probability is equal to 1
and the coupling strength is infinite. At
an infinite temperature the coupling
strength falls to zero, so that the spins do
not interact at all. Hence each spin is
free to choose its direction randomly
and is independent of its neighbors. The
probability that two spins are parallel is
1/2, and so is the probability that they
are antiparallel. The region of interest,



of course, lies between these extremes of
temperature, where the probability of
the adjacent spins’ lining up must always
have a value between 1/2 and 1.

Suppose there is a large two-dimen-
sional lattice of spins and that some
one spin in it is artificially held fixed in
the up orientation. What is the effect
on the other spins? The effect on the
spins at the four adjacent lattice sites is
easy to imagine: since they are directly
coupled to the fixed spin, they will have
a greater-than-even probability of point-
ing up. The extent to which the probabil-
ity is biased depends on the value of K,
which is determined in turn by the tem-
perature.

More distant spins have no direct in-
teraction with the fixed spin, but none-
theless the influence of the fixed spin
does not end with the immediate neigh-
bors. Because the nearest-neighbor spins
tend to point up more often than down
they create a similar bias in their own
nearest neighbors. In this way the dis-
turbance can propagate over a large
area of the lattice. The range of influ-
ence of a single fixed spin can be mea-
sured by observing the orientation of
many spins that are all at the same
large distance from the fixed one. If re-
versing the orientation of the fixed spin
from up to down increases the number
of down spins in the distant population,
then the spins are said to be correlated.
The maximum distance over which such
a correlation can be detected is called
the correlation length. Regions separat-
ed by a distance greater than the correla-
tion length are essentially independent.

In a lattice at very high temperature
the correlation length is close to zero.
The distribution of spins is nearly ran-
dom, and so the average number of up
and down spins must be equal; in other
words, the magnetization is zero. As the
temperature falls (and the coupling
strength increases) correlations over
larger distances begin to appear. They
take the form of spin fluctuations, or
patches of a few spins each that mostly
point in the same direction. Over any
large area the magnetization is still zero,
but the structure of the lattice is much
different from what it was near infinite
temperature.

As the temperature approaches the
Curie point the correlation length grows
rapidly. The basic interactions of the
model have not changed; they still con-
nect only adjacent lattice sites, but long-
range order has emerged from the short-
range forces. What is most significant in
the growth of the correlation length is
that as the maximum size of the spin
fluctuations increases, the smaller fluc-
tuations are not suppressed; they merely
become a finer structure superimposed
on the larger one. The largest fluctua-
tionsare notareas of uniform spin align-
ment; they include many smaller fluctu-
ations and can be distinguished only be-

TEMPERATURE —>

SUSCEPTIBILITY

CURIE TEMPERATURE

MAGNETIZATION of a ferromagnet has a sudden onset at the Curie temperature. Above
this temperature the average numbers of up spins and down spins are equal and so the magneti-
zation is zero. At any temperature below the Curie point two states of magnetization are possi-
ble, depending on whether the up spins or the down spins are in the majority; in the absence of
an external magnetic field the two states are equally likely. The susceptibility of a ferromagnet
measures the change in magnetization induced by an arbitrarily small applied magnetic field.
At the Curie point the susceptibility becomes infinite. Near the Curie point a small change in
either the temperature or the external field gives rise to a large change in the magnetization.

cause they have an overall excess of one
spin direction. Thus an ocean of spins
that are mostly up may have within it an
island of spins that are mostly down,
which in turn surrounds a lake of up
spins with an islet of down spins. The
progression continues to the smallest
possible scale: a single spin.

When the temperature is precisely
equal to the Curie temperature, the cor-
relation length becomes infinite. Any
two spins are correlated, no matter what
the distance between them is. Neverthe-
less, fluctuations persist at all smaller
scales of length. The system remains un-
magnetized, but it is exquisitely sensi-
tive to small perturbations. For exam-
ple, holding a single spin fixed in the up
orientation creates a disturbance that
spreads throughout the lattice and gives
the entire system a net magnetization.

Below the Curie temperature the sys-
tem becomes magnetized even in the ab-
sence of an outside perturbation, but
there is no immediate change in the ap-
pearance of the lattice. Smaller-scale
fluctuations persist; they are remnants
of the lakes and islets of opposite spin
direction. Merely by looking at the lat-
tice one cannot detect the magnetiza-
tion. Only when the system is cooled
further does the bias become obvious, as
the increasing coupling strength coerces
more of the spins into conformity with
the majority. At zero temperature com-
plete uniformity is attained.

In fluids the fluctuations in density
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near the critical point are closely analo-
gous to the fluctuations in spin direction
observed in ferromagnets. In fluids,
however, the presence of fluctuations at
all possible scales of length can be ob-
served directly. When the correlation
length first reaches a few thousand ang-
strom units, which is comparable to the
wavelength of light, the fluctuations be-
gin to scatter light strongly and the fluid
turns milky, a phenomenon called crit-
ical opalescence. Significantly, when the
temperature comes still closer to the
critical point and the maximum scale of
the fluctuations becomes much larger
(millimeters or centimeters), the critical
opalescence is not reduced, indicating
that the smaller fluctuations persist. The
same phenomenon takes place in spin
systems, but because ferromagnetic ma-
terials are not transparent to light it can-
not be demonstrated as readily. The crit-
ical opalescence of ferromagnets has
been detected, however, in the scattering
of neutrons from a magnetic material
near the Curie temperature.

he model I have been describing is

not my own invention. It is a version
of one introduced in the 1920’s by the
German physicists Wilhelm Lenz and
Ernest Ising, and it is now called the
Ising model. The properties of a system
of Ising spins on a two-dimensional lat-
tice are known in complete detail be-
cause the model was solved exactly in
1944 by Lars Onsager of Yale Universi-
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ty. Since then solutions have also been
found for several other two-dimension-
al models (whereas no three-dimension-
al model has yet been solved exactly).
Nevertheless, the problems of describ-
ing two-dimensional systems are far
from trivial. In what follows I shall
apply the methods of the renormaliza-
tion group to the two-dimensional Ising
model as if it were a problem still out-
standing, and Onsager’s solution will
serve as a check on the results.

What does it mean to solve or to un-
derstand a model of a physical system?
In the case of the Ising system the micro-
scopic properties are known completely
from the outset, since they were speci-
fied in building the model. What is need-
ed is a means of predicting the macro-
scopic properties of the system from the
known microscopic ones. For example,
a formula giving the spontaneous mag-
netization, the susceptibility and the
correlation length of the model as a
function of temperature would contrib-
ute greatly to understanding.

It is not notably difficult to calculate
the macroscopic properties of any given
configuration of the spins in an Ising
model. The magnetization, for example,
can be determined simply by counting
the number of up spins and the number
of down spins and then subtracting. No
one configuration of the spins, however,

determines the macroscopic properties
of the system. Instead all possible con-
figurations contribute to the observed
properties, each in proportion to its prob-
ability at a given temperature.

In principle the macroscopic proper-
ties could be calculated directly as the
sum of all the separate contributions.
First the magnetization would be found
for each configuration and then the cor-
responding probability. The actual mag-
netization would be obtained by multi-
plying each of these pairs of numbers
and adding up all the results. The sus-
ceptibility and the correlation length
could be found by procedures that are
not much more elaborate. The common
element in all these calculations is the
need to determine the probabilities of
all possible configurations of the spins.
Once the distribution of probabilities is
known the macroscopic properties fol-
low directly.

As I pointed out above, the probabili-
ty of any two adjacent spins’ being par-
allel is determined solely by the cou-
pling strength K, which I have defined as
the reciprocal of the temperature. If the
probability of two neighboring spins in
isolation being parallel is denoted p,
then the probability of their being anti-
parallel must be 1 — p. From these two
values alone the relative probability of
any specified configuration of a lattice
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NUMBER OF SPIN CONFIGURATIONS rises steeply as the size of a lattice grows. For a
system of n spins, each of which has two possible values, the number of configurations is equal
to 27, When the lattice is large, it becomes impractical to calculate the probability of all the con-
figurations. The limit of practical computation is a lattice somewhat larger than the six-by-six
array of 36 spins. In order to observe the critical behavior of the system near the Curie temper-
ature an array of about 100-by-100 spins would be needed, which has 210,000 configurations.
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can be evaluated. All that is required is
to multiply together the separate proba-
bilities for every nearest-neighbor pair
of spins, in each case taking the value as
p when the spins are parallel and as
1 — p when they are antiparallel.

Consider aspin system thatismade up
of just four spins arranged at the
corners of a square. Such a lattice has
four nearest-neighbor couplings, corre-
sponding to the four sides of the square.
Each coupling is considered in turn and
is assigned a probability of either p or
1 — paccording to whether the spins are
parallel or antiparallel; then the four
separate probabilities are multiplied. In
the configuration with all four spins ori-
ented up all four pairs are parallel, and
so the relative probability is given by the
product p X p X p X p. If three spins are
up and one is down, the relative proba-
bility is p X p X (1 — p) X (1 — p).

The calculation must be carried out
for every configuration of the spins; for
a system of four spins there are 16 con-
figurations. A final step is to convert
the relative probabilities into absolute
ones by adjusting each value so that the
total of all 16 values is equal to exact-
ly 1. Since the temperature determines
the coupling strength and the coupling
strength in turn determines the values of
p and 1 — p, the entire sequence of 16
calculations would also have to be re-
peated for every temperature of interest.

This plan of attack on the Ising model
is ambitious but impractical. If the prob-
ability of every spin configuration could
be calculated, the magnetization and the
other macroscopic properties could be
evaluated for any specified temperature.
The problem lies in the number of spin
configurations. For a system made up of
n spins, each of which can take on two
values, there are 2 possible configura-
tions. This exponential function grows
rapidly as » increases. As I have men-
tioned, four spins have 24, or 16, config-
urations. A three-by-three block of nine
spins has 512 configurations and a four-
by-four block has 65,536. The practical
limit of computation is not much larger
than a six-by-six block of 36 spins, for
which there are approximately 7 X 1010
configurations.

What size lattice would be needed in
order to determine the critical proper-
ties of the two-dimensional Ising model?
The array must be at least as large as the
largest fluctuations observed at the tem-
perature of interest. At a temperature
reasonably close to the Curie point the
correlation length, in units of the lattice
spacing, might be about 100 and the
largest fluctuations would cover about
1002, or 10,000, lattice sites. A block of
spins that large has 210000 possible con-
figurations, a number that is somewhat
greater than 103000, The fastest comput-
er conceivable could not carry out such
a calculation. Even if the computer had
been working continuously since the



“big bang” with which the universe be-
gan, it would not yet have made a signifi-
cant start on the task.

The need to carry out an almost end-
less enumeration of spin configurations
can be circumvented for two special
conditions of the lattice. When the tem-
perature of the system is zero (so that
the coupling strength is infinite), all but
two of the configurations can be neglect-
ed. At zero temperature the probability
that a pair of spins will be antiparallel
falls to zero, and therefore so does the
probability of any configuration that in-
cludes even one antiparallel pair. The
only configurations that do not have
at least one antiparallel pair are those
in which all the spins are up or all are
down. The lattice is certain to assume
one of these configurations, and all oth-
er configurations have zero probability.

At infinite temperature, where the
coupling strength is zero, the probability
distribution is also much simplified. Ev-
ery spin is then independent of its neigh-
bors and its direction at any instant can
be chosen at random. The result is that
every configuration of the lattice has
equal probability.

Through these two shortcuts to the
determination of the probability distri-
bution it is a trivial exercise to calculate
exactly the properties of the Ising model
at absolute zero and at infinite tempera-
ture. Acceptable methods of approxi-
mation are also available for any tem-
perature low enough to be considered
close to zero or high enough to be con-
sidered close to infinity. The trouble-
some region is between these extremes;
it corresponds to the region of the crit-
ical point. Until recently there was no
practical and direct method of calculat-
ing the properties of a system arbitrarily
close to the critical point. The renormal-
ization group provides such a method.

he essence of the renormalization-
group method is to break a large
problem down into a sequence of small-
er and more manageable stages. Instead

RENORMALIZATION-GROUP approach
to a model ferromagnet consists in breaking
down an intractable problem with multiple
scales of length into a sequence of smaller
problems, each of which is confined to a single
scale of length. One version of the renormali-
zation-group method, called the block-spin
transformation, has three steps. First the lat-
tice is divided into blocks of a few spins each,
in this case nine. Then each block is replaced
by a single spin whose value is the average of
all the spins in the block; here the average is
determined by majority rule. In this way a
new lattice is created, with three times the
original lattice spacing and one-third the den-
sity of spins. Finally the original scale is re-
stored by reducing all dimensions by a factor
of 3. The procedure must be carried out for
all configurations of a few spins in the origi-
nal lattice, so that a probability can be found
for every configuration of the block spins.
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of keeping track of all the spins in a re-
gion the size of the correlation length,
the long-range properties are deduced
from the behavior of a few quantities
that incorporate the effects of many
spins. There are several ways to do this.
I shall describe one, the block-spin tech-
nique, in which the principles of the
method are revealed with particular
clarity. It was introduced by Leo P.
Kadanoff of the University of Chicago
and was made a practical tool for cal-
culations by Th. Niemeijer and J. M. J.
van Leeuwen of the Delft University of
Technology in the Netherlands.

The method has three basic steps,
each of which must be repeated many
times. First the lattice is divided into
blocks of a few spins each; I shall em-
ploy square blocks with three spins on a
side, so that each block includes nine
spins. Next all the spins in the block are
averaged in some way and the entire
block is replaced by a single new spin
with the value of the average. Here the
averaging can be done by a simple pro-
cedure: by following the principle of
majority rule. If five or more of the orig-
inal spins are up, the new spin is also up;
otherwise it is down.

The result of these two operations is
tocreate a new lattice whose fundamen-
tal spacing is three times as large as that
of the old lattice. In the third step the
original scale is restored by reducing all
dimensions by a factor of 3.

These three steps define a renormali-
zation-group transformation. Its effect
is to eliminate from the system all fluc-
tuations in spin direction whose scale is
smaller than the block size. In the model
given here any fluctuation of the spins
over a range of fewer than three lattice
units will be smeared out by the averag-
ing of the spins in each block. It is as if
one looked at the lattice through an out-
of-focus lens, so that the smaller fea-
tures are blurred but the larger ones are
unaffected.

It is not enough to carry out this pro-
cedure for any one configuration of the
original lattice; once again what is
sought is a probability distribution. Sup-
pose one considers only a small region
of the initial lattice, consisting of 36
spins that can be arranged in four
blocks. The spins in thisregion have 236,

or about 70 billion, possible configura-
tions. After the block-spin transforma-
tion has been applied the 36 original
spins are replaced by four block spins
with a total of 16 configurations. It is
just within the limit of practicality to
compute the probability of each of the
configurations of the original 36 spins.
From those numbers the probabilities of
the 16 block-spin configurations can
readily be determined. The calculation
can be -done by sorting all the configu-
rations of the original lattice into 16
classes according to which configura-
tion of the block spins results in each
case from applying the principle of ma-
jority rule. The total probability for any
one configuration of the block spins is
then found by adding up the probabili-
ties of all the configurations of the origi-
nal lattice that fall into that class.

It may well seem that nothing is
gained by this procedure. If the com-
plete probability distribution can be cal-
culated for a system of 36 spins, nothing
new is learned by condensing that sys-
tem into a smaller lattice of four block
spins. Near the critical point it is still
necessary to consider a much larger lat-
tice, with perhaps 10,000 spins instead
of 36, and the probability distribution
for the block spins generated from this
lattice cannot be calculated because
there are far too many configurations.
As it turns out, however, there is a meth-
od for extracting useful information
from a small set of block spins. It is a
method for observing the behavior of
the system over a large region without
ever dealing explicitly with the configu-
rations of all the spins in that region.

Each block spin represents nine spins
in the original lattice. The complete set
of block spins, however, can also be re-
garded as a spin system in its own right,
with properties that can be investigated
by the same methods that are applied to
the original model. It can be assumed
that there are couplings between the
block spins, which depend on the tem-
perature and which determine in turn
the probability of each possible spin
configuration. An initial guess might be
that the couplings between block spins
are the same ones specified in the origi-
nal lattice of Ising spins, namely a near-
est-neighbor interaction with a strength

PROBABILITY DISTRIBUTION for a system of block spins is found by adding up the prob-
abilities for all the configurations of the original lattice that contribute to each configuration
of the block spins. The calculation is shown for a system of six spins on a triangular lattice.
Two blocks of three spins each are formed from the lattice, and each block is replaced by a sin-
gle spin whose orientation is determined by majority rule. The six spins have 64 possible config-
urations, which are assigned to columns in such a way that all the configurations in each col-
umn give rise to the same block-spin configuration. For example, all the configurations in the
column at the far left have at least two spins in each block pointing up, so that they are rep-
resented by two up block spins. The coupling strength in the original lattice is set equal to .5,
which yields the nearest-neighbor probabilities shown at the top of the page. From this set of
numbers a probability is calculated for every configuration of the original lattice; then all the
probabilities in each column are added up to give the probability of the corresponding block-
spin configuration. The block-spin probabilities are not the same as those specified for the orig-
inal lattice, which implies that the coupling strength is also different, as is the temperature.
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given by the parameter K, the recipro-
cal of the temperature.

This guess can easily be checked, be-
cause the probability distribution for
the configurations of at least a small
part of the block-spin system is already
known; it was computed from the con-
figurations of the original lattice in the
course of defining the block spins. Sur-
prisingly, this hypothesis is generally
wrong: the block spins do not have the
same couplings as the spins in the orig-
inal model. Assuming that only adja-
cent sites interact and that they have a
coupling strength equal to K gives the
wrong set of probabilities for the config-
urations of the block spins.

f the specifications of the original
model will not describe the system of
block spins, then some new set of cou-
plings must be invented. The guiding
principle in formulating these new inter-
actions is to reproduce as accurately as
possible the observed probability distri-
bution. In general the nearest-neighbor
coupling strength must be changed, that
is, K must take on a new value. What is
more, couplings of longer range, which
were excluded by definition from the
Ising model, must be introduced. For ex-
ample, it may be necessary to establish a
coupling between spins at the opposite
corners of a square. There might also be
direct interactions among spins taken
three at a time or four at a time. Cou-
plings of still longer range are possible.
Hence the block spins can be regarded
as a lattice system, but it is a system
quite different from the original one.
Notably, because the basic couplings
have different values, the lattice of block
spins is at a temperature different from
that of the initial Ising system.

Once a set of couplings has been
found that correctly describes the prob-
ability distribution for the block spins, a
lattice of arbitrary size can be construct-
ed from them. The new lattice is formed
the same way the original one was, but
now the probability for the spin at each
site is determined by the newly derived
coupling strengths rather than by the
single coupling of the Ising model. The
renormalization-group calculation now
proceeds by starting all over again, with
the new system of block spins as the
starting lattice. Once again blocks of
nine spins each are formed, and in some
small region, such as an array of 36
spins, the probability of every possible
configuration is found. This calculation
is then employed to define the probabil-
ity distribution of a second generation
of block spins, which are once more
formed by majority rule. Examination
of the second-generation block spins
shows that the couplings have again
changed, so that new values must be
supplied a second time for each cou-
pling strength. Once the new values have
been determined another lattice system
(the third generation) can be construct-
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ed and the entire procedure can be re-
peated yet again.

The point of this repetitive operation
is that it provides information about the
behavior of distinct but related spin sys-
tems in which the fundamental scale of
length gets larger with each iteration.
After the first block-spin transformation
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the fluctuations at the smallest scale
have been eliminated, but those slightly
larger, with a scale of roughly three
times the original lattice spacing, can
be seen more clearly. After the second
transformation each block spin repre-
sents the 81 spins in a nine-by-nine block
of the original lattice, and all fluctua-
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tions up to this size range are averaged
out, leaving only those larger than nine
lattice units. The next iteration removes
all fluctuations whose scale is between
nine and 27 lattice units, then the fol-
lowing iteration removes those between
27 and 81 units. Eventually fluctuations
at all scales up to the correlation length

FIRST-STAGE

2 ORIGINAL
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BLOCK-SPIN TRANSFORMATION is applied to a lattice of spins
repeatedly, each time elucidating the behavior of the system at a larg-
er scale. The computer simulation, which was carried out by the au-
thor, began with an array of some 236,000 spins; a black square rep-
resents an up spin and an open square a down spin. The initial tem-
ptrature was set equal to three values: above the Curie temperature,
T, at T, and just below 7. The transformation begins with the di-
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vision of the original lattice into three-by-three blocks. Each block
is replaced by a single spin whose value is determined by majority
rule; these make up the lattice of first-stage block spins. The proce-
dure is then repeated, but with the first-stage block spins serving as
the starting lattice. The resulting second-stage spins form the initial
configuration for the next transformation, and so on. By the time the
third stage is reached the number of spins is small enough for them all
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LATTICE

are averaged out. The resulting spin sys-
tem reflects only the long-range proper-
ties of the original Ising system, with all
finer-scale fluctuations eliminated.

The value of the block-spin technique
can be perceived even through a simple
visual inspection of the evolving model.
Merely looking at a configuration of
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Ising spins just below the Curie temper-
ature will seldom reveal that the model
is slightly magnetized. At this tempera-
ture there is only a small excess of one
spin direction over the other, and the
many small-scale fluctuations obscure
the overall bias. After several applica-
tions of the block-spin transformation,

ORIGINAL LATTICE

however, the smaller fluctuations disap-
pear and the long-range magnetization
becomes obvious.

Much of the physical meaning of the
block-spin transformation is to be found
in the way the couplings between spins
change. The rules for deriving the new
couplings from the old ones at each

THIRD-STAGE
BLOCK SPINS

to be shown, and after the fourth stage there are only 36 spins left,
each one representing more than 6,000 sites in the original lattice. In
the first stage any fluctuations whose scale of length is smaller than
three lattice units are eliminated by the averaging procedure. The sec-
ond stage removes the fluctuations between three and nine lattice
units, the third stage those between nine and 27 units, and so on. When
the initial temperature is above 7, the spins become more nearly ran-

dom in appearance with each iteration and large-scale fluctuations
disappear; when the temperature is below 7, the spins become more
nearly uniform and what fluctuations remain are small in scale. When
the starting temperature is exactly equal to T, large-scale fluctua-
tions remain at all stages. Because the block-spin transformation
leaves the large-scale structure of the lattice unchanged at the Curie
temperature, a system at that temperature is said to be at a fixed point.
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stage are often complicated, but the ef-
fect of the change can be illustrated by a
quite simple example. Although the as-
sumptions are not realistic, I shall dis-
cuss a model in which no couplings with
a range longer than the original, nearest-
neighbor interaction are introduced.
The only change in the coupling is an
adjustment in the value of K, which is
equivalent to a shift in the temperature.
Moreover, this adjustment in K will
have a simple form: at each stage in the
procedure the coupling strength in the
new lattice will be set equal to the
square of the coupling in the old lattice.
If the new coupling is denoted K', it is
given by the equation K' = K2
Suppose in some initial state K is
equal to 1/2 (which means that the tem-
perature has been given an initial value
of 2 in the arbitrary units employed
here). In the thinned-out lattice formed
as a product of the block-spin transfor-
mation K will be replaced by K’, with a
value of (1/2)2, or 1/4. Repeating the
transformation yields successive values
of 1/16,1/256 and so on, in a series that

rapidly approaches zero. With each iter-
ation the spin system is converted into a
new system that not only has a thinner
lattice but also has weaker couplings
between the spins. Since K is equal to
1/T, the temperature increases with each
iteration and the lattice approaches the
limit of infinite temperature and ran-
dom spins.

If the initial coupling strength is set
equal to 2 (so that the temperature has
a value of 1/2), the coupling increases at
each stage in the calculation. After the
first block-spin transformation the cou-
pling strength is 4, then 16, then 256; ul-
timately the strength becomes infinite.
At the same time, of course, the temper-
ature falls and the system approaches
the state of zero temperature, in which
all the spins are aligned.

It should be emphasized that what is
being observed is not the evolution of
any single spin system as the tempera-
ture changes. Nothing is being heated or
cooled. Instead a new spin system is be-
ing created at each stage, a system dis-
tinguished by a different set of cou-

BLOCK-SPIN ITERATIONS

COUPLING STRENGTH (K = 1/T)
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TEMPERATURE (T = 1/K)

CHANGE IN THE COUPLING BETWEEN SPINS is part of the renormalization-group
transformation. The adjustment that must be made to the coupling strength with each itera-
tion can take many forms, but a simple example is presented here: If the strength of the cou-
pling in the original lattice is given by the number K, then in the new lattice the coupling
strength is equal to K2. Any initial value of K greater than 1 must approach infinity when X is
squared repeatedly; any value less than 1 must approach zero. The special value K =1 re-
mains unchanged no matter how many times the transformation is repeated. Because the tem-
perature can be defined (in appropriate units) as the reciprocal of the coupling strength, the
renormalization-group transformation can be seen as establishing a correspondence between
the original lattice and a new, thinned-out lattice that will generally have a different coupling
strength and a different temperature. It is only at the fixed point, which corresponds to the Cu-
rie temperature, that the coupling and the temperature remain invariant with a value of 1.
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plings between spins. The large-scale or
long-range behavior of the new lattice
is equivalent to the behavior that would
be observed in the original lattice at a
different temperature.

There is one initial value of K that
does not diverge either to infinity or to
zero, namely the value K = 1. Since 12is
equal to 1, K’ remains equal to K no
matter how many times the transforma-
tion is repeated. When K is equal to
1, the system is said to be at a fixed
point, where continued application of
the renormalization-group transforma-
tion leaves all essential properties of the
lattice unchanged. Actually the values
K =0 and K = infinity also represent
fixed points, since zero squared is still
zero and infinity squared is still infinity.
Zero and infinity, however, are consid-
ered trivial fixed points, whereas the val-
ue K =1 corresponds to the critical
point.

In this discussion of the block-spin
technique all the effects of the transfor-
mation have been expressed through a
single parameter: the nearest-neighbor
coupling strength K. Actually many oth-
er parameters are introduced by the
transformation, each one corresponding
to a longer-range coupling. All the pos-
sible combinations of these parame-
ters can be represented geometrically by
constructing an imaginary multidimen-
sional space in which distance measured
along each dimension corresponds to
variation in one of the parameters. Ev-
ery initial state of the spin system and
every block-spin transformation of it
can be represented by a point on a sur-
face somewhere in this parameter space.

In the geometric description of the re-
normalization-group method the sig-
nificance of the fixed points becomes ap-
parent. For the two-dimensional Ising
system the surface in parameter space
has the form of a hilly landscape with
two sharp peaks and two deep sinkholes.
The ridgeline that connects the peaks
and the gully line that connects the sink-
holes meet in the center at a saddle point
[see illustration on opposite page]. One
sinkhole is the K =0 fixed point; the
other is the K = infinity fixed point.
The critical fixed point lies at the point
of precarious equilibrium in the saddle.
The transformation of the system
from one state to the next can be repre-
sented by the motion of a marble rolling
on the surface. One can imagine a time-
lapse motion picture that would record
the marble’s position at one-second in-
tervals; then each frame would reveal
the effect of one iteration of the block-
spin transformation. It is the transfor-
mation that allows the marble to move,
but the speed and direction of the mar-
ble are determined entirely by the slope
of the surface at each point it crosses.
Suppose the marble is initially placed
near the top of a hill and just to one side
of theridgeline. Atfirstit movesrapidly,



because the hill is steep near the top, and
proceeds in the general direction of the
saddle point. As the marble approaches
the saddle the slope becomes more grad-
ual and the marble slows down, but it
never comes to a complete stop. More-
over, because it started to one side of the
ridgeline it does not quite reach the sad-
dle point; instead it is deflected to one
side and begins to accelerate again, this
time toward a sinkhole.

The trajectory of the marble describes
the path followed by the point repre-
senting a system of Ising spins as it is
transformed repeatedly by the block-
spin method. The initial position just off
the ridgeline corresponds to an initial
value of the various coupling parame-
ters that is equivalent to a temperature
just above or just below the critical tem-
perature. In terms of the simplified ex-
ample described above, with just one pa-
rameter, the value of K is either slightly
greater than 1 or less than 1. Setting the
coupling strength equal to 1 is equiva-
lent to placing the marble exactly on
the ridgeline. It then moves directly to-
ward the saddle point, or critical fixed
point. Again the motion is rapid at first
but becomes slower as the saddle is
approached. In this case, however, the
marble remains balanced between the
two descending slopes. Even after a
large number of iterations it remains at
the fixed point.

Atrajectory on the saddle-shaped sur-
face in parameter space can be made to
approach the fixed point as closely as
is wished by setting the initial value of
K sufficiently close to the critical value.
In the example considered here, where
the critical value of K is 1, the initial val-
ue of K might be .9999, which can be
squared several times before it changes
appreciably. As a result the trajectory
comes quite close to the critical fixed
point before it veers off toward the high-
temperature sinkhole.

By the examination of many such tra-
jectories the topography of the surface
itself can be mapped in the small region
surrounding the saddle point. The slope
of the surface is what determines how
the system approaches the fixed point
and how it departs from it. Knowing the
slope, then, one can calculate how the
properties of the system vary as the ini-
tial coupling and the initial temperature
are changed. That is precisely the infor-
mation sought for an understanding of
critical phenomena.

he macroscopic properties of a ther-

modynamic system near the critical
point are determined by the temper-
ature. To be more precise, properties
such as the spontaneous magnetization,
the susceptibility and the correlation
length are functions of the amount by
which the temperature of the system de-
parts from the critical temperature, T..
For this reason it is convenient to define
the temperature in such a way that all

EVOLUTION OF A SPIN SYSTEM in response to repeated renormalization-group transfor-
mations can be described as the motion of a point on a surface constructed in an imaginary,
multidimensional space: the parameter space. The form of the surface is defined by all the cou-
plings between block spins, but only the nearest-neighbor coupling, K, is considered here. The
surface has two peaks and two sinkholes, which are connected to a saddle point. The trajectory
followed by the point that represents the state of the system is determined entirely by the slope
of the surface. An initial value of K slightly greater than 1 corresponds to an initial position
slightly to one side of the ridgeline that connects the peaks. After several block-spin transfor-
mations the point rolls down the hill, passes near the saddle point and veers off into one of the
sinkholes, where K tends toward infinity. An initial value of K slightly less than 1 leads to a simi-
lar trajectory on the other side of the ridgeline and terminates in the other sinkhole, where K
approaches zero. When K is equal to exactly 1, the point remains permanently on the ridgeline,
approaching equilibrium at the saddle point. Both of the sinkholes are fixed points (since the
values of K = 0 and K = infinity do not change with further renormalization-group transforma-
tions), but they are considered trivial fixed points. The saddle defines the critical fixed point.

critical points are equivalent. A suitable
quantity is the reduced temperature, ¢,
defined as the difference between the ac-
tual temperature and the critical tem-
perature, divided by the critical temper-
ature; thustisequalto T — 7T./T. Onan
ordinary temperature scale such as the
Kelvin scale the critical temperatures of
different systems fall at different values,
but all critical points have the same re-
duced temperature, namely zero.

All critical properties are proportion-
al to the absolute value of the reduced
temperature raised to some power. The
problem of describing critical phenome-
na is to determine what that power is, or
in other words to determine the values
of the critical exponents. For example,
the magnetization, M, of a spin system is
given by the proportionality M |¢[8,
where B (the Greek letter beta) is a crit-
ical exponent and where the vertical
lines designate the absolute value of ¢.
The magnetic susceptibility is propor-
tional to 1//¢|v, where y (the Greek let-
ter gamma) is another exponent. The
correlation length is associated with a
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third exponent, v (the Greek letter nu),
in arelation of the same form: the length
is proportional to 1/|¢]v.

The earliest attempts to formulate
a mathematical description of critical
phenomena were theories of a kind that
are now called mean-field theories. The
first of these was introduced in 1873
by J. D. van der Waals as an explana-
tion of phase changes in fluids. A theo-
ry of magnetic phase transitions was pro-
posed in 1907 by Pierre Weiss. In 1937
L. D. Landau of the Academy of Sci-
ences of the U.S.S.R. proposed a more
general formulation of mean-field theo-
ry, thereby providing a framework in
which many physical systems could be
discussed. In all these theories the state
of any selected particle is determined by
the average properties of the material as
a whole, properties such as the net mag-
netization. In effect all particles in the
system contribute equally to the force at
every site, which is equivalent to assum-
ing that the forces have infinite range.

Mean-field theories are qualitatively
successful. They account for important
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SLOPE OF THE PARAMETER SURFACE in the vicinity of the
critical fixed point determines the macroscopic properties of the Ising
model. If trajectories are plotted for many initial values of K near the
critical value (which in this case is K = 1), it is the slope at the saddle
point that determines how quickly the trajectories veer off toward the
trivial fixed points at K = 0 and K = infinity. If the surface is compara-

features of the phase diagrams of fluids
and ferromagnets, the most notable of
these features being the existence of a
critical point. The quantitative predic-
tions, however, are less satisfactory: the
theories give the wrong values for the
critical exponents. For B8, the exponent
that governs the spontaneous magneti-
zation, mean-field theory implies a val-
ue of 1/2; in other words, the magneti-
zation varies as the square root of the
reduced temperature. The exponent as-
sociated with the susceptibility, v, is as-
signed a value of 1, so that the suscep-
tibility is proportional to 1//¢|. The ex-
ponent for the correlation length, v, is
1/2, so that this quantity is proportional
to 1/vTtl.

The exponents calculated from mean-
field theory suggest a plausible form for
each of these functions. The magnetiza-
tion has two possible values (+V7 and
—1/1) at all temperatures below the crit-
ical point, and then it vanishes above the
critical temperature. Both the suscep-
tibility and the correlation length ap-
proach infinity as ¢ nears zero from ei-
ther above or below. The actual values
of the mean-field exponents, however,
are known to be wrong.

For the two-dimensional Ising model
the critical exponentsare known exactly
from Onsager’s solution. The correct
values are 3 =1/8,y=7/4and v =1,
which differ significantly from the pre-
dictions of mean-field theory and imply
that the system has rather different be-
havior. For example, the magnetization
is proportional not to the square root of
the reduced temperature ¢ but to the
eighth root of ¢. Similarly, the suscepti-
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bility is given by the reciprocal not of ¢
but of ¢ raised to the 1.75th power,
which makes the divergence near the
critical point steeper and more abrupt.

The reason for the quantitative failure
of mean-field theories is not hard to
identify. The infinite range assigned to
the forces is not even a good approxima-
tion to the truth. Not all spins make
equal contributions; the nearest neigh-
bors are more important by far than any
other spins. The same objection can be
expressed another way: the theories fail
to take any notice of fluctuations in spin
orientation or in fluid density.

In a renormalization-group calcula-
tion the critical exponents are deter-
mined from the slope of the parameter
surface in the vicinity of the fixed point.
A slope is simply a graphic represen-
tation of a rate of change; the slope
near the fixed point determines the rate
at which the properties of the system
change as the temperature (or the cou-
pling strength) is varied over some nar-
row range near the critical temperature.
Describing the change in the system as a
function of temperature is also the role
of the critical exponents, and so it is rea-
sonable that there is a connection be-
tween the exponents and the slope.

Renormalization-group calculations
for the two-dimensional Ising system
have been carried out by several work-
ers. In 1973 Niemeijer and van Leeuwen
employed a block-spin method to study
the properties of a system of Ising spins
constructed on a triangular lattice. I
have applied a somewhat different re-
normalization-group technique, called
spin decimation, to a square lattice. In
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tively flat (/ef?), a trajectory with an initial value of K such as K = 1.01
passes close to the saddle point. When the surface is more steeply
curved (right), the corresponding trajectory bends more abruptly
toward the sinkhole. Because the temperature is the reciprocal of K
the slope near the fixed point reveals how the properties of the sys-
tem change as the temperature departs from the critical temperature.

spin decimation, instead of assembling
blocks of a few spins each, every other
spin in the lattice is held fixed while a
probability distribution is computed for
the remaining spins. These calculations
were much more elaborate than the
model calculation described here; in my
own work, for example, 217 couplings
between spins were included. The crit-
ical exponents derived from the calcula-
tion agree with Onsager’s values to with-
in about .2 percent.

Because an exact solution is known for
the two-dimensional Ising model,
the application of the renormalization
group to it is something of an academic
exercise. For a system of Ising spins in a
three-dimensional lattice, however, no
exact solution is known. A method has
been devised, by Cyril Domb of Univer-
sity College London and many others,
for finding approximate values of the
exponents in the three-dimensional case.
First the properties of the system at high
temperature are determined with great
precision, then these properties are ex-
trapolated to the critical temperature.
The best results obtained so far by this
method give values for the exponents of
B =.33,y=125and v=.63.

Although extrapolation from a high-
temperature solution leads to good ap-
proximations for the critical exponents,
it provides little intuitive understand-
ing of how the system behaves near the
critical point. A renormalization-group
calculation gives essentially the same
values for the exponents, but it also
explains important universal features of
critical behavior.



Two remarkable facts about the ex-
ponents in the three-dimensional Ising
model should not be overlooked. The
first is simply that the values are differ-
ent from those for the two-dimensional
model. In mean-field theories the dimen-
sionality of space does not enter the cal-
culations and so the critical exponents
have the same values in any space. The
second surprise is that the exponents are
not integers or ratios of small integers,
as they are in mean-field theories. They
may even be irrational numbers.

If it is surprising that the spatial di-
mensionality influences the critical ex-
ponents, it is equally remarkable that
certain other properties of the model
have no effect at all. An example of such
an irrelevant parameter is the structure
of the lattice. In the two-dimensional
Ising model it makes no difference
whether the lattice is rectilinear, as in
my own work, or triangular, as in the
model employed by Niemeijer and van
Leeuwen; the critical exponents are the
same. By extension, in a real ferromag-
net the great variety of crystal structures
all yield identical critical behavior.

There is an intuitive justification for
the irrelevance of the lattice structure
and of other microscopic properties. A
change in the form of the lattice has a
large effect on events at the scale of the
lattice spacing, but the effect diminishes
as the scale of interest increases. In a
renormalization-group calculation the
fluctuations at the scale of the lattice
spacing are averaged out after the first
few iterations, and so models with many
different lattices have the same critical
behavior. Through the renormalization
group the appearance of the same crit-
ical exponents in many systems is seen
to result from the topography of the sur-
face in parameter space. Each lattice
structure corresponds to a different po-
sition in parameter space, but at the crit-
ical temperature every lattice is rep-
resented by a point somewhere along
the ridgeline. After repeated renormal-
ization-group transformations all these
systems converge on the same fixed
point, namely the saddle point.

The idea that certain variables are ir-
relevant to critical phenomena can be
extended to systems other than ferro-
magnets. A fluid near its critical point,
for example, has the same properties as
the three-dimensional Ising model of a
ferromagnet. In order for this identity to
be understood some correspondence
must be established between the macro-
scopic properties of the fluid and those
of the magnet. The magnetization,
which is the number of up spins minus
the number of down spins, can be identi-
fied with the density difference in the
fluid: the density of the liquid phase mi-
nus the density of the vapor phase. Just
as the magnetization vanishes at the Cu-
rie temperature, so the density differ-
ence falls to zero at the critical point of
the fluid. These quantities—the magneti-

zation and the density difference—are
called the order parameters of their re-
spective systems. The susceptibility of
the magnet, which is the change in mag-
netization for a given small change in
the applied magnetic field, is analogous
to the compressibility of the fluid: the
change in density that results from a giv-
en small change in pressure. Like the
susceptibility, the compressibility be-
comes infinite at the critical point. The
critical behavior of the fluid and that of

the three-dimensional Ising model are
identical in that they have the same sur-
face in parameter space. The two sys-
tems have different initial positions on
the surface, but they converge on the
same saddle point and hence have the
same critical exponents.

he similarity observed in the criti-
cal behavior of fluids and of ferro-
magnets is an instance of a more general
hypothesis called critical-point univer-
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CRITICAL EXPONENTS express the dependence of macroscopic properties on the extent
to which the temperature of the system departs from the critical temperature. The temperature
is most conveniently given in the form of the reduced temperature, ¢, defined by the equation
t=T—T./T. All macroscopic properties are then proportional to the absolute value of ¢ raised
to some power; the power is the critical exponent for that property. The exponents and power
laws in the graphs at the left are those predicted by mean-field theories, which ignore all fluctu-
ations. The exponents in the graphs at the right are derived from an exact solution of the two-
dimensional Ising model reported in 1944 by Lars Onsager of Yale University. The exponents
show how the properties of the system change as the temperature or the coupling strength is
changed; that is the same information conveyed by the slope of the surface in parameter space
near the critical fixed point. The exponents can be determined from the slope, and calculations
by the author and others for the two-dimensional Ising model give values close to Onsager’s.
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sality. According to the hypothesis, only
two quantities determine the critical be-
havior of most systems: the dimension-
ality of space and the dimensionality of
the order parameter. These quantities
are labeled respectively d and n. All sys-
tems that have the same values of 4 and
n are thought to have the same surface
in parameter space and the same critical
exponents. They are said to be mem-
bers of the same universality class.
The dimensionality of space is seldom
difficult to determine, but the dimen-
sionality of the order parameter re-
quires more careful consideration. In
magnetic systems, where the order pa-
rameter is the magnetization, » is the
number of components needed to define
the spin vector. The vector of an Ising
spin can be oriented only along a single
axis, and so it has only one component;
for the Ising model n is equal to 1. A
spin vector that is allowed to point any-
where in a plane has two components,
which are customarily drawn along the
two axes that define a plane. Similarly,

a vector that can point anywhere in
three-dimensional space has three com-
ponents, so that n equals 3.

For the three-dimensional Ising mod-
el d equals 3 and n equals 1. Ordinary
fluids belong to the same universality
class. The space in which the fluid exists
clearly has three dimensions. The order
parameter—the difference in density be-
tween the liquid and the vapor phases—
is a quantity that has only a magnitude
and hence only one component; it can
be expressed as a single number, just as
the value of an Ising spin can be.

Several other physical systems are
members of thisclass. A mixture of two
liquids such as oil and water exhibits
critical behavior near the temperature
where the component fluids become
completely miscible in each other, a
temperature called the consolute point.
At temperatures below the consolute
point the mixture separates into two
phases, and the order parameter is de-
fined as the concentration difference be-
tween the two phases, another quantity

UNIVERSALITY CLASS|THEORETICAL MODEL| PHYSICAL SYSTEM | ORDER PARAMETER
— _ Ising model in " .
d=2 n=1 fWoldimansicne Adsorbed films Surface density

- XY model in two . ' Amplitude of
I dimensions Helium-4 films superfluid phase
- Heisenberg model it
S in two dimensions i )
d>2 n=w “Spherical” model None
d=3 n=0 Self-avoiding Conformation of long- | Density of
- random walk chain polymers chain ends
n=1 {ﬁ:’;% ?ﬁfﬁ sl?o ns Uniaxial ferromagnet | Magnetization
Fluid near a critical Density difference
point between phases
Mixture of liquids Concentration
near consolute point difference
Alloy near order- Concentration
disorder transition difference
_ XY model in At
n=2 three dimensions Planar ferromagnet Magnetization
Helium 4 near super- Amplitude of
fluid transition superfluid phase
n=3 Heisenberg model Isotropic ferromagnet Magnetization
{4 in three dimensions P g g
d<4 n=-2 None
n =232 Quantum chromo- Quarks bound in
dynamics protons, neutrons, etc.

UNIVERSALITY HYPOTHESIS states that diverse physical systems behave identically near
their critical points. In most cases the only factors that determine the critical properties are the
dimensionality of space,d, and the dimensionality of the order parameter, 1. For magnetic sys-
tems the order parameter is the magnetization, and its dimensionality is the number of compo-
nents needed to describe the spin vector. Most systems with the same values of d and n are
members of the same universality class and share the same critical exponents. For example,
ferromagnets that resemble the three-dimensional Ising model, fluids, mixtures of liquids and
certain alloys are all members of the class with d = 3 and n = 1; graphs of their properties near
a critical point should all have the same form. The interpretation of some values of d and n is
less obvious, and values such as # = —2 can be defined mathematically but correspond to no
known physicalsystem. The XY model and the Heisenberg model are similar to the Ising mod-
el but describe ferromagnets whose spin vectors have two and three components respectively.
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that can be expressed as a single num-
ber. Alloys such as brass have a transi-
tion between an ordered phase, where
the two metals occupy alternate sites in
aregular lattice, and a disordered phase,
where their distribution is less uniform.
The order parameter in this system is
again a concentration difference, so that
n equals 1. All these systems are expect-
ed to have the same critical exponents
as the three-dimensional Ising model.
So are some real ferromagnets, those
that are easily magnetized only along a
single axis. The available experimental
evidence confirms these predictions.

The universality hypothesis would be
trivial if the critical exponents had the
values of integers or simple fractions
such as 1/2. Many physical laws share
such exponents, and there is no compel-
ling reason for postulating a connection
between them. Gravitation and electro-
magnetism both have an inverse-square
law (an exponent of —2), but that coin-
cidence does not demonstrate that the
two forces are identical. The correspon-
dence of exponents does seem remark-
able, however, when the values are not
round numbers butfractions such as .63.
The convergence of many systems on
these values cannot be coincidental. It is
evidence that all the details of physical
structure distinguishing a fluid from a
magnet are less important than the geo-
metric properties expressed by the val-
ues of d and n.

The two-dimensional Ising model
(d =2, n = 1) typifies a class of systems
that are confined to two-dimensional
space. One example is a thin film of lig-
uid; another is a gas adsorbed on a solid
surface. An ordinary ferromagnet falls
into the class with d = 3 and n = 3, that
is, the lattice is three-dimensional and
each spin has three components, so that
it can point in any direction. When the
spins are constrained to lie in a plane,
the class is reduced tod =3 and n = 2.
In this same class are the superfluid
transition of liquid helium 4 and the
superconducting transitions of various
metals.

ther universality classes have val-

ues of d and » whose interpretation

is somewhat less obvious. The case of
d = 4 is of interest in the physics of ele-
mentary particles, where one of the four
spatial dimensions corresponds to the
axis of time. In a theoretical lattice of
spins called the spherical model, where
an individual spin can have any magni-
tude and only the total of all the spins is
constrained, n is effectively infinite. A
self-avoiding random walk through a
lattice of points, or in other words a ran-
dom walk that never occupies the same
lattice site more than once, describes the
folding up in space of a long-chain poly-
mer; Pierre Gilles de Gennes of the Col-
Iege de France has shown that this prob-
lem belongs to a universality class with n
equal to zero. In theoretical models n
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can even take on the value — 2, although
the physical meaning of a negative num-
ber of vector components is not clear.

The only values of d and # that have
a straightforward physical meaning are
integer values. This is particularly clear
in the case of d, since a space with a non-
integer number of dimensions is hard
even to imagine. In renormalization-
group calculations, however, d and n
appear in equations where they can be
allowed to vary continuously over some
range. It is even possible to draw a graph
in which the values of critical exponents
are plotted as continuous functions of d
and n. The exponents have well-defined
values not only for integer dimensions
but also for all fractional dimensions be-
tween the integers. Such a graph shows
that the exponents approach the values
given by mean-field theory as the num-
ber of spatial dimensions approaches 4.
When d is equal to exactly 4, and at all
higher values of d, the mean-field values
are exact. This observation has given
rise to an important method of perform-
ing renormalization-group calculations.
The dimensionality of space is ex-
pressed as being equal to 4 — €, where €
(the Greek letter epsilon) is a number
that is assumed to be small. The critical
exponents can then be calculated as the
sum of an infinite series of terms includ-
ing progressively higher powers of €. If €
is less than 1, a high power of € will have
a small value, and reasonable accuracy
can be obtained by neglecting all but the
first few terms in the infinite series.

This calculation method, which is
called the epsilon expansion, was devel-
oped by Michael E. Fisher of Cornell
University and me. It is a general meth-
od for solving all the problems to which
mean-field theory can be applied, and it
represents the natural successor to Lan-
dau’s theory. Indeed, it supplies answers
in the form of corrections to the values
.given by mean-field theory. The block-
spin method is the more transparent
technique, but the epsilon expansion is
the more powerful one.

It is not entirely surprising that the
critical exponents should converge on
the mean-field values as the number of
spatial dimensions increases. The fun-
damental assumption of mean-field the-
ories is that the force at each lattice site
is influenced by conditions at many oth-
er sites. The number of nearest-neighbor
sites increases along with the number of
spatial dimensions. In a one-dimension-
al lattice each site has just two nearest
neighbors, in a two-dimensional lattice
four, in a three-dimensional lattice six
and in a four-dimensional lattice eight.
Hence as the dimensionality increases,
the physical situation begins to resemble
more closely the underlying hypothesis
of mean-field theory. It remains a mys-
tery, however, why d = 4 should mark a
sharp boundary above which the mean-
field exponents are exact.

In this article I have discussed main-
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VARIATION OF CRITICAL EXPONENTS with the dimensionality of space (d) and of the
order parameter (1) suggests that physical systems in different universality classes should have

different critical properties. The exp

ts can be

lated as continuous functions of d

and n, but only systems with an integral number of dimensions are physically possible. In a
space with four or more dimensions all the critical exponents take on the values predicted by
mean-field theories. The graphs were prepared by Michael E. Fisher of Cornell University.

© 1979 SCIENTIFIC AMERICAN, INC

177



ly the applications of the renormaliza-
tion group to critical phenomena. The
technique is not confined to those prob-
lems, however, and indeed it did not be-
gin with them.

The procedure called renormalization
was invented in the 1940’s as part of
the development of quantum electrody-
namics, the modern theory of interac-

tions between electrically charged par-
ticles and the electromagnetic field. The
difficulty encountered in the formula-
tion of the theory can be understood as
one of multiple scales of length. For
some time it had been apparent that
the charge of the electron predicted by
quantum-mechanical theories was infi-
nite, a prediction that was in serious
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QUANTUM FIELD THEORY

LATTICE SYSTEM can be interpreted as a model not only of a ferromagnet but also of other
physical systems that have fluctuations on many scales. The Ising model describes a uniaxial
ferromagnet, one with a preferred axis of magnetization. It can also be applied to a fluid near
its critical point, where each lattice site either is occupied by an atom or is vacant, so that the
fluctuations become variations in density. An alloy such as brass has a similar structure, where
each site is occupied by one kind of metal or the other. In all these systems the fluctuations are
thermal; in the quantum field theories that describe the interactions of elementary particles
there are quantum fluctuations of the vacuum, which allow particles and antiparticles to ap-
pear spontaneously. A simple quantum field theory can be formulated on a lattice by specify-
ing that the particles and antiparticles can be created and annihilated only at the lattice sites.
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conflict with the measured charge. The
renormalized theory of electrodynam-
ics does not abolish the infinity; on the
contrary, the electron is defined as a
point particle whose “bare” charge is in-
finite. In quantum electrodynamics the
bare charge has the effect, however, of
inducing a charge of opposite polarity
in the surrounding vacuum, which can-
cels most of the infinity, leaving only
the small net charge that is observed in
ordinary experiments.

One can imagine a probe particle that
could measure the electron’s charge at
arbitrarily close range. At long range
it would find the familiar finite value,
which is the difference between the bare
charge and the induced charge. As
the layers of shielding were penetrated
the measured charge would increase,
and as the range was reduced to zero
the charge would become infinite. The
renormalization procedure provides a
means for subtracting the infinite shield-
ing charge from the infinite bare charge
so that a finite difference results.

In the 1950’s it was pointed out by
several workers, among them Murray
Gell-Mann and Francis E. Low, that the
renormalization procedure adopted for
quantum electrodynamics is not unique.
They proposed a more general formula-
tion, which is the original version of the
renormalization group. In their applica-
tion of the method to quantum electro-
dynamics a mathematical expression is
constructed that gives the magnitude of
the charge at some definite distance
from the electron. Then the form of the
expression is examined as the distance at
which the measurement is made is al-
lowed to approach its limiting value of
zero. The arbitrariness of the procedure
is in the choice of the initial distance.
Any value can be selected without
changing the ultimate results, so that
there is an infinite set of equivalent re-
normalization procedures.

A ‘“group” in mathematics is a set of.
transformations that meets a special re-
quirement: the product of any two trans-
formations must also be a member of
the set. For example,rotationsare trans-
formations that make up a group, since
the product of any two rotations is also a
rotation. What this means in the case of
the renormalization group is that the
procedure can be iterated indefinitely,
since applying the procedure twice is
equivalent to applying the product of
two transformations. Actually the re-
normalization group is properly called a
semigroup because the inverse of the
transformation is not defined. The rea-
son for this can be seen plainly in the
block-spin technique applied to the two-
dimensional Ising model. A block of
nine spins can be condensed into a single
average spin, but the original spin con-
figuration cannot be recovered from the
average because essential information
has been lost.

The version of the renormalization



group outlined in this article differs in
several respects from the one intro-
duced by Gell-Mann and Low. The ear-
lier version of the technique is useful
only for understanding problems that
can be solved by one of the traditional
methods of physics: by finding some ap-
proximate expression for the behavior
of a system and then calculating better
approximations as a series of pertur-
bations departing from the original ex-
pression. Moreover, in the original for-
mulation only one quantity is allowed
to vary; in the example given above it is
the charge of the electron. As a conse-
quence the surface in parameter space
is not a multidimensional landscape but
a mere line. The modern version of the
renormalization group, which was in-
trod uced by me in 1971, gives access to
a much broader spectrum of physical
problems. What is equally important, it
gives a physical meaning to the renor-
malization procedure, which otherwise
seems purely formal.

In the past few years I have been at-
tempting to apply the newer version
of the renormalization group to a prob-
lem in the physics of elementary parti-
cles. The problem is how to describe the
interactions of quarks, the hypothetical
elementary particles thought to com-
pose protons, neutrons and a multitude
of related particles. In one sense the
problem is much like the original re-
normalization problem of quantum
electrodynamics; in another sense it is
just the opposite.

In quantum electrodynamics the
charge of the electron is found to in-
crease as the electron is approached
more closely. For interactions of quarks
the property analogous to electric
charge is called color, and for that rea-
son the theory of quark interactions has
been named quantum chromodynamics.
When the color charge of a quark is
measured at close range, it seems to di-
minish as the distance becomes smaller.
As a result two quarks that are very
close together interact hardly at all: the
coupling between them is weak. On the
other hand, when the quarks are pulled
apart, the effective color charge in-
creases and they become tightly bound.
Whereas an electron induces a compen-
sating charge in the surrounding space, a
quark seems to induce a color charge
with the same polarity, which augments
its own charge at long range. Indeed, it is
a widely accepted hypothesis that the
effective coupling between quarks in-
creases without limit when the distance
between them exceeds the diameter of a
proton, which is about 10 -13 centimeter.
If that is true, a quark could be torn
loose from a proton only by expending
an infinite quantity of energy. The
quarks would be permanently confined.

One way of visualizing the binding of
quarks is to construct imaginary lines
of force between them. The strength of

the coupling is then proportional to the
number of lines per unit area that cross
any surface between the particles. In the
case of electrons when the particles are
separated, the lines of force spread out
in space, so that there are fewer lines per
unit area. The density of lines declines
as the square of the separation, which
yields the familiar inverse-square law
for the electromagnetic force. With
quarks, on the other hand, the prevailing
hypothesis holds that the lines of force
do not spread out in space; they remain
confined to a thin tube, or string, that
directly links the quarks. As a result the
number of lines per unit area remains
constant no matter what the distance is,
and the quarks cannot be separated. Al-
though this account of quark confine-
ment has an intuitive appeal, it is a qual-
itative explanation only. No one has yet
been able to derive the confinement of
quarks from the underlying theory of
quantum chromodynamics.

The confinement problem is one with
many scales of length and energy and
hence is a candidate for renormaliza-
tion-group methods. I have formulat-
ed a version of the problem in which
the quarks occupy the sites of a lattice
in four-dimensional space-time and in
which they are connected by “strings”
that follow the lines connecting sites.
The lattice is a strictly artificial struc-
ture with no analogue inreal space-time,
and it must ultimately disappear from
the theory. That can be accomplished
by allowing the lattice spacing to ap-
proach zero.

As in the study of ferromagnetic sys-
tems, a renormalization-group transfor-
mation is applied repeatedly to the lat-
tice of quarks and strings. In this way the
interaction of the quarks can be exam-
ined at progressively larger separations.
The question to be answered is whether
the lines of force remain confined to
tubelike bundles or spread out in the lat-
tice as the scale of length is increased.
The calculations are near the limit of
practicality for the presentgeneration of
digital computers. As yet I do not have
the answers.

here are many other problems seem-
ingly suitable for renormalization-
group methods but that have not yet
been expressed in such a way that they
can be solved. The percolation of a fluid
through a solid matrix, such as water
migrating through the soil or coffee
through ground coffee beans, involves
aggregations of fluid on many scales.
Turbulence in fluids represents a prob-
lem of notorious difficulty that has re-
sisted more than a century of effort to
describe it mathematically. It is charac-
terized by patterns with many character-
istic sizes. In the atmosphere, for exam-
ple, turbulent flows range in scale from
small “dust devils” to hurricanes.
One problem that has yielded to the
renormalization group is a phenomenon
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in solid-state physics called the Kondo
effect, after the Japanese physicist Jun
Kondo. The effect is observed in non-
magnetic metals, such as copper, when
they are contaminated with a small con-
centration of magnetic atoms. The sim-
plest theories predict that the electrical
resistance of such a metal will fall con-
tinuously as the temperature is reduced.
Actually the resistance reaches a mini-
mum value at a finite temperature and
then rises again as the temperature is
reduced further. The anomaly was nev-
er one of pressing importance because
an explanation of it does not illuminate
more general properties of solids, but it
tantalized physicists for more than 40
years, always seeming just beyond the
reach of the available methods. The root
of the difficulty is that the conduction
electrons in the metal can have any ener-
gy over a range of a few volts, but per-
turbations in that energy are significant
down to a level of about 10 4 volt. The
problem was ultimately solved in 1974,
when I completed a renormalization-
group calculation of the electron ener-
gies at all temperatures down to abso-
lute zero.

A more recent series of renormaliza-
tion-group calculations is notable in that
it makes predictions that have been di-
rectly confirmed by experiment. The
calculations concern the lattice-spin
model in which d equals 2 and # equals
2, or in other words concern a two-
dimensional lattice of two-component
spins. It has been proved that no phase
with long-range order is possible in this
spin system, but renormalization-group
studies done by J. M. Kosterlitz of the
University of Birmingham and David
J. Thouless of Yale University have
shown that the behavior of the system
does change abruptly at a critical tem-
perature. These findings have been ap-
plied to studies of thin films of super-
fluid helium 4, which also fall into the
universality class of d =2 and n = 2. In
particular Kosterlitz and David R. Nel-
son of Harvard University have predict-
ed a discontinuous jump in the density
of the superfluid fraction of the film.
Such a jump has since been observed
experimentally by John D. Reppy of
Cornell and others and has been found
to have the predicted magnitude.

For all the work that has been invest-
ed in the renormalization group it may
seem the results obtained so far are rath-
er scanty. It should be kept in mind that
the problems to which the method is be-
ing applied are among the hardest prob-
lems known in the physical sciences. If
they were not, they would have been
solved by easier methods long ago. In-
deed, a substantial number of the un-
solved problems in physics trace their
difficulty to a multiplicity of scales. The
most promising path to their solution,
even if it is an arduous path, is the
further refinement of renormalization-
group methods.
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The Hormonal Control
of Behavior in a Lizard

The green anole, often mistakenly called a chameleon, is a good

subject for examining how the sex glands and the brain interact

in orchestrating the sexual behavior of both males and females

enerations of American children
G have become familiar with the
green anole lizard (Anolis caroli-
nensis) as the chameleon, since it is the
animal usually sold by that name in pet
shops. Recently biologists have become
familiar with A. carolinensis as an excel-
lent animal for laboratory studies of the
interaction of behavior and hormones:
the “chemical messengers” in the body
that act at a distance from the site of
their manufacture. It was a boyhood in-
terest in the green anole (which I then
thought was a chameleon) that led me
as a behavioral biologist to work with
the animal as a means of investigating
the bases of reproductive behavior. The
findings among other things provide a
new outlook on the adaptive function of
the relation between behavior and hor-
mones that is seen in animals of quite
different kinds.

The true chameleon and the green
anole have much in common. They are
both lizards. Most species live in trees
or bushes, subsisting mainly on insects.
Both can change color, although the
anole’s ability to do so is considerably
more limited than the chameleon’s. This
is the trait that has made chameleons
and anoles popular as pets, but the ano-
le’s color change is not (as many people
think) related to the color of the back-
ground. Instead it is determined by such
factors as light and temperature or by
such emotions as fright, triumph and
defeat. The chameleon is an animal of
the Old World, whereas the anoles are
found in the warmer regions of North
and South America. The chameleon lays
from two to 40 eggs at a time, the anole
only a single egg.

The particular value of the green ano-
le as an experimental animal is that it
is abundant and that under the appro-
priate conditions it will establish in the
laboratory the same social system and
behavior it displays in its natural envi-
ronment. A typical population might be
found in southern Louisiana. There the
anoles are reproductively inactive and
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essentially dormant from late Septem-
ber through late January. During that
time they cluster in groups behind the
loose bark of dead trees or under rocks
and fallen logs. Beginning late in Jan-
uary or early in February the males
emerge and establish breeding territo-
ries. The females begin to be active
about a month later; by May each fe-
male is laying her single egg in the
ground at intervals of from 10 to 14
days. The breeding season, which ex-
tends through August, is followed by
about a month in which both males and
females are refractory, that is, insensi-
tive to the environmental and social
stimuli that in the spring induced them
to begin breeding.

Rf:search on the reproductive behavior
of a number of kinds of animal,
most notably the work of the late Dan-
iel S. Lehrman with the ring dove, has
shown that the behavior is the conse-
quence of two interlocking systems, one
system represented by the animal and its
internal state and the other by the ani-
mal and its environment. For example,
among many birds and mammals the
increasing amount of daylight in the
spring acts on the brain of males to stim-
ulate the pituitary gland to secrete in-
creasing quantities of gonadotropic hor-
mones. In lizards the primary stimulato-
ry cue is the increase in temperature.
Paul Licht of the University of Califor-
nia at Berkeley has shown that lizards
also differ from birds and mammals in
secreting one gonadotropic hormone
rather than two of them.

The gonadotropin is transported by
the bloodstream to the testes, where it
stimulates the production of sperm and
the secretion of androgens (the collec-
tive term for male hormones), specifi-
cally testosterone. The rising concentra-
tion of testosterone in the blood feeds
back to specific areas of the brain to
modulate further secretion of gonado-
tropin by the pituitary and to activate
male sexual behavior. The male’s be-
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havior then becomes an important fea-
ture of the environment that stimulates
the pituitary of the female to secrete go-
nadotropin, which rapidly induces ovar-
ian development, steroid-hormone se-
cretion and female sexual behavior. As
the female responds to the male, her be-
havior influences his behavior and indi-
rectly his physiology, and so the cycle
begins anew.

The green anole has a rich repertory
of behavior. A sexually active male will
patrol his territory, stopping at promi-
nent perches to execute an “assertion
display.” It is characterized by a bob-
bing movement that is typical of the spe-
cies and is coordinated with the exten-
sion of a red dewlap at the throat. If a
strange male green anole enters the ter-
ritory, the resident male responds with a
“challenge display.” It is identified by an
extreme lateral compression of the body
and a highly stereotyped bobbing move-
ment. If the intruding animal does not
immediately respond with a “submis-
sion display” (a rapid nodding of the
head) or responds aggressively to the
challenge, the resident approaches the
intruder and a fight ensues. During such
a fight the dewlap is not extended but the
throat region is engorged by a lowering
of the tongue-supporting apparatus. As
the fight progresses a crest is erected
along the back and neck and a black spot
forms directly behind the eye. It is not
uncommon for males to lock jaws while
they circle each other, each one trying to
throw the other off the perch. After a
fight the winning male (almost always
the resident) is likely to climb to a prom-
inent perch and execute a series of asser-
tion displays.

In a “courtship display” a male ad-
vances toward a female, pausing for
a series of bobbing movements and ex-
hibitions of the dewlap. The number
of bobbing movements varies greatly
among individual males; the variation
may help the female to distinguish one
male from another. If the female is sexu-



COURTSHIP DISPLAY is given by a male green anole lizard (4no- time to time to extend the red dewlap at his throat and to execute
lis carolinensis) that has sighted a female, which is not visible in the a series of bobbing movements. The amount of bobbing varies from
photograph. The male advances toward the female, pausing from male to male and so perhaps enables a female to distinguish males.
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ally receptive, she will allow the male to
approach her and grip her neck. The
male then mounts the female and curves
his tail under hers. This action brings the
cloacal regions into apposition so that
the male can evert one of his two pe-
nises. (Lizards and snakes are unique
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among the vertebrates in having two of
these organs, each of which is called a
hemipenis.)

Much has been learned about the
physiological control of the A. carolinen-
sis male’s reproductive behavior. As one
might expect, male sexual behavior de-

2N

CHALLENGE DISPLAY given by a resident male (a) when a strange male intrudes on his
territory involves an extension of the dewlap, a pronounced lateral compression of the body
and a stereotyped bobbing of the body. If the intruder does not respond with a submission dis-
play, the resident moves toward the intruder (5), often with mouth agape, and they fight. Dur-
ing the fight a crest is erected along the back and neck and a black spot appears behind the eye.
The males may lock jaws (c). The fight ends when one lizard throws the other off the perch.
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pends on the gonads. Castration leads
to a rapid decline in courtship activity,
but the administration of androgen rein-
states it. Aggressive behavior appears
to be less affected by castration. It is
strongly affected, however, by environ-
mental factors. For example, if a male

a

b

| b

CHALLENGE AND SUBMISSION are por-
trayed. A sequence begins (a) when a strange
male, here the one on the left, intrudes on the
territory of a resident male. The resident re-
sponds with a challenge display. This time,
however, the intruder does not react aggres-



is returned to his home cage after cas-
tration, his aggressive behavior declines
slowly or not at all, whereas if he is put
in an unfamiliar cage, aggressiveness
decreases quickly.

It has long been assumed that in ver-
tebrate animals a male’s reproductive

behavior is triggered by the action of
androgens on the brain. An alternative
hypothesis was recently proposed by
Frederick Naftolin of the Yale Univer-
sity School of Medicine. In essence it is
that the “male” hormone testosterone is
converted by enzymes in the brain into

a “female” hormone, estradiol, which
then activates the male’s sexual behav-
ior. The process that characterizes the
structural change in the hormone is
known as aromatization. In stimulating
secondary sex structures, however, tes-
tosterone is believed to act directly or
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sively but instead gives a submission display
(b), which entails a rapid nodding of the head,
and turns from green (light) to brown (dark).
With this response the resident male does not
erect a crest and a black spot does not form
behind his eye (c). In time the intruder leaves.

COURTSHIP AND MATING of the green anole begin (¢) when a sexually active male sees a
female and responds with a courtship display, which includes repeated extension of the dewlap
(in the manner shown in the photograph on page 181) and the individually characteristic series
of head-bobbing movements. If the female is sexually receptive, she arches her neck and allows
the male to approach and grip it (). In mounting (c) the male everts one of his two penises,
each termed a hemipenis; if he is on the right side of the female, it is the left one, and vice versa.

183

© 1979 SCIENTIFIC AMERICAN, INC



BRAIN OF THE GREEN ANOLE is only .003 percent the size of the human brain; here it is
depicted at an enlargement of about 20 diameters. Because the brain is so small a special stereo-
taxic apparatus was needed to accurately place tiny needles and tubes in it for experiments.

by its conversion into nonaromatizable
androgens such as dihydrotestosterone.

Several studies support the concept
that the aromatization of androgens to
estrogens (the collective term for a
group of female sex hormones) occurs
normally in the brain of many species
of mammals and that estradiol, not tes-
tosterone, activates male sexual behav-
ior in many species. Gloria Callard,
Zoltan Petro and Kenneth Ryan of the
Harvard Medical School have identified
aromatizing enzymes in the brain of tur-
tles and snakes. They have reported
that when specific parts of the brain of
the freshwater turtle Chrysemys picta
are incubated with androgens that have
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been labeled with radioactive andro-
gens, some radioactively labeled estro-
gens are found in the tissue later. This
discovery and others led them to pro-
pose that the aromatization of andro-
gens is an evolutionarily ancient proper-
ty of the vertebrate nervous system.

Before the androgen-aromatization
hypothesis can be generalized to all
reptiles the effects of aromatizable and
nonaromatizable androgens must be
tested in living animals. Lizards are well
suited to such an investigation. In both
lizards and snakes a section of the kid-
ney has been modified to form a sex seg-
ment. This structure manufactures the
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SECTION OF THE BRAIN shows the areas (color) where the cells that concentrate sex ster-
oid hormones are situated, as revealed by autoradiography. In this technique male and female
lizards from which the gonads have been removed are injected with radioactively labeled hor-
mones; after the animal has been killed sections of its brain are put on slides coated with photo-
graphic emulsion. When the emulsion is developed, the areas exposed by radioactivity show
where the hormones have been concentrated. Slanted lines indicate where brain lesions abolish
male sexual and aggressive behavior, horizontal lines where lesions decrease pituitary function.
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seminal fluid and is similar to the pros-
tate and seminal vesicles of mammals.
The secretory activity of the kidney sex
segment, which is highly sensitive to
stimulation by androgen, can be deter-
mined by measuring increases in the
height of the epithelial cells of the kid-
ney tubules after hormonal stimulation.

Working with this measure as an indi-
cation that hormones were affecting the
sex organs directly and with the stimula-
tion of sexual behavior such as court-
ship displays as an indication that hor-
mones were acting on the brain, we did
an experiment in which castrated males
were treated with testosterone, dihydro-
testosterone or estradiol. Examination
of the kidney sex segment indicated that
only the first two hormones were acting
directly on the sex organs. Only testos-
terone reinstated sexual behavior.

This finding does not exclude the pos-
sibility that estradiol acts in the male
brain. Several workers have shown that
administering dihydrotestosterone and
estradiol simultaneously stimulates cop-
ulatory behavior in castrated rats. Re-
sults of this kind have led to the sug-
gestion that male sexual performance
requires both the central or brain action
of estradiol and the peripheral action of
androgens to stimulate the sex organs.
Support for the hypothesis has come
from the work of two groups of investi-
gators, one group headed by Julian M.
Davidson of Stanford University and
the other by Paula Davis and Ronald
J. Barfield of Rutgers University. They
found that implants of estradiol in the
brain of rats will induce sexual behavior
only if dihydrotestosterone is adminis-
tered systemically at the same time.

My colleagues and I at Harvard Uni-
versity also examined the possibility
that dihydrotestosterone and estradiol
act in concert in the green anole. When
both hormones were administered si-
multaneously to castrated lizards, half
of the animals (in two separate experi-
ments) suddenly exhibited the complete
reproductive pattern within a single test-
ing period. The results were quite dif-
ferent from the outcome when only tes-
tosterone is given; it typically induces
a gradual restoration of behavior over
several days. Evidently estrogen can
play as vital a role in the control of male
sexual behavior in lizards as it does in
some mammals.

Half of the castrated lizards in our
experiments, however, showed no alter-
ation in sexual behavior after the com-
bination treatment. The animals for our
experiments were collected from a vari-
ety of sites, and so it is possible that the
behavioral variability reflects underly-
ing differences between populations in
the amount of aromatizing enzyme in
the reptilian brain. The behavioral vari-
ability may also reflect genetic differ-
ences in an individual’s sensitivity to
hormones.

The individual variability in response



makes one wonder about the wisdom of
relying on highly inbred stocks of ani-
mals for tests of drugs. Many of the in-
bred stocks of rodents result from re-
peated brother-sister matings, so that
each strain is more like a single individu-
al and does not reflect the normal spec-
trum of variability found in most natu-
ral populations. This important point
is often overlooked in the interpreta-
tion of data on drug effects and in the
determination of appropriate clinical
treatments.

ormones modulate both behavior
and the function of the pituitary
gland through their influence on the cen-
tral nervous system. Our group has re-
cently begun to study the interaction of
hormones, the brain and behavior in the
green anole.

Although much information is avail-
able about the areas of the mammalian
brain that participate in the control of
reproductive behavior and physiology, I
was not sure that the information could
be extrapolated to reptiles, and so I
joined forces with Joan I. Morrell and
Donald W. Pfaff of Rockefeller Univer-
sity. We first identified the sites in the
brain of A. carolinensis that concentrate
sex steroid hormones. Our technique
was autoradiography. Male and female
lizards from which the gonads had been
removed were injected with a radioac-
tively labeled hormone: estradiol, tes-
tosterone or dihydrotestosterone. Af-
ter two hours the animals were Kkilled;
the brain and the pituitary gland were
quickly removed and frozen. Then the
brains were cut in thin sections in a dark-
room, and the sections were placed on
slides that had been coated with photo-
graphic emulsion. Half of these prepa-
rations were stored in lightproof boxes
for six months, half for nine months.
When the slides were removed and the
emulsion was developed, the areas hav-
ing a dense grouping of black grains
over cell nuclei indicated where the ra-
dioactively labeled hormone had con-
centrated.

The results of this study show that in
the lizard, as in all other vertebrate spe-
cies that have been investigated, sex
steroid hormones are concentrated in
specific areas of the brain: the preoptic
area, the anterior and basal hypothala-
mus and the limbic system. These struc-
tures have been found to play a crucial
role in reproduction in mammals and
birds. An examination of their function
in reptiles, which have a more primitive
level of organization, would shed light
on the evolution of the mechanisms that
control reproduction.

Since the brain of an adult male 4.
carolinensis is quite small, being only
.003 percent the size of the human brain,
we had to develop special techniques in
order to investigate the function of the
steroid-concentrating areas. Our efforts
were greatly aided by the work of Neil

CONCENTRATION OF ESTRADIOL in the brain of a female A. carolinensis is indicated by
the black grains in this autoradiograph of a section through the periventricular nucleus of the
hypothalamus. The enlargement is 550 diameters. The injected estradiol was radioactively la-
beled; hence it exposed grains of silver in the emulsion on which the brain section was placed.

B. Greenberg of the University of Ten-
nessee. He devised a stereotaxic appa-
ratus with which one can precisely di-
rect the tip of an ultrafine needle or
tube three-dimensionally to a particular
place in a small brain, and he also pre-
pared an atlas of the forebrain of A4. car-
olinensis. Working with this atlas as a
“road map” of the brain, we have begun
to study the role the different hormone-
sensitive areas play in the control of
the animal’s reproductive behavior and
physiology.

large body of research with mam-

mals and birds indicates that the
anterior hypothalamus-preoptic area is
a major center for the integration of be-
havior. Since it is also a major site of
steroid uptake in the lizard, we first ex-
amined its role in the regulation of male
reproductive behavior. Destruction of
the area in intact, sexually active males
results in the immediate cessation of
sexual behavior, whereas in sexually in-
active castrated males the implantation
of minute amounts of testosterone di-
rectly in the preoptic area reinstates sex-
ual behavior.

When either the area immediately
forward of the preoptic area or the ante-
rior basal hypothalamus is destroyed,
the release of gonadotropin from the pi-
tuitary is shut off and the testes soon
collapse. In the first instance the effect is
probably on the cells that produce the
releasing hormones; cells of this kind
have been found in the forebrain of a
large variety of animals. The anterior
basal hypothalamus is where these hor-
mones are transferred to the pituitary
circulation.

It should be kept in mind that an ani-
mal’s behavior is not solely a conse-
quence of the action of hormones on
discrete areas of the brain. A number
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of workers have demonstrated that in
mammals and birds the feedback of pe-
ripheral sensations from the secondary
sex structures is important in the coor-
dination and completion of behavior
patterns. The relation is evident in the
mounting behavior of male lizards.

It is possible to determine which
hemipenis a male lizard or snake is using
by noting the direction in which the tail
is turned. If the male is on the left side of
the female, he will intromit the right
hemipenis by curving his tail to the
right, and vice versa. Experiments have
shown that sensations from the hemi-
penises play an important role not only
in the control of the initial orientation of
the male during copulation but also in
the termination of copulation. The find-
ing is in agreement with a large num-
ber of studies of mammals showing that
sensory feedback from the penis is nec-
essary for normal mating behavior.

The behavior of the male that results
from hormone-brain interactions has a
major influence on the reproductive
physiology of the female. If reproduc-
tively inactive females are exposed to a
springlike environment when they are
housed either alone or with other fe-
males, the growth of the ovaries is stim-
ulated. If such a female is also exposed
to a sexually active, courting male, the
rate of ovarian development is in-
creased significantly, indicating that the
behavior of the male is facilitating the

" stimulative effects of the environment.

Indeed, one finds not only that male
courtship behavior is necessary for the
normal secretion of gonadotropin by the
pituitary in the female but also that the
amount of gonadotropin secreted is cor-
related with the amount or frequency of
male courtship behavior to which the
female is exposed.

On the other hand, aggressive behav-
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SEXUAL CYCLE of the female green anole lizard is represented schematically. The white
regions indicate when the female is sexually unreceptive, the light color shows the period of
onset of receptivity and the dark coler represents the receptive period. The ovaries alternate in
producing the follicle; its state of maturity is indicated by the size at which it is represented.

ior by males not only fails to facilitate
the effects of the changing environment
but also completely inhibits them. Fe-
males housed with males that are con-
stantly fighting among themselves show
little or no ovarian growth. To my
knowledge this finding is the first dem-
onstration that it is possible to turn fe-
male fertility off as well as on by varying
the sociobehavioral environment.

In the female during the breeding sea-
son a single ovarian follicle develops
and is ovulated about every two weeks.
As in many human females, the ovaries
alternate in the production of the folli-
cle. Hence a sexually active female
anole will typically have in one ovary a
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follicle that is in a more advanced state
than the largest follicle in the other ova-
ry. Moreover, like many mammals, a
female ‘A. carolinensis goes through cy-
cles of sexual receptivity that are corre-
lated with the pattern of follicle growth.
The cycles presumably reflect corre-
sponding fluctuations of sex steroids in
the blood.

As one would expect, removal of the
ovaries abolishes sexual receptivity in
the female green anole. The administra-
tion of estrogen to such a female re-
stores the behavior in a dose-related
manner. The threshold dose appears to
be .6 microgram of estradiol benzoate.
A single injection of .8 microgram will
induce receptivity in 85 percent of the
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INTERACTION of male behavior and female reproductive status in 4. carolinensis is chart-
ed. Four groups of females were involved. One of them (bottom curve) was exposed only to ag-
gressive male behavior. Another (fop curve) was exposed only to male courtship. The curve
that ascends after three weeks represents a group that was exposed to three weeks of aggres-
sion and three weeks of courtship; curve that descends after three weeks represents a group
that received the opposite treatment. Periods of courtship are in color, periods of aggression in
gray. Follicle condition (and hence the reproductive status of the females) appears at the left.
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females in 24 hours and in all of them in
48 hours.

In many mammals progesterone is
important in the regulation of female
receptivity. It does not function alone,
but when it is administered at an appro-
priate time after the animal has been
“primed” with estrogen, the two hor-
mones act synergistically to facilitate re-
ceptivity. Studies of the pattern of hor-
mone secretion by the ovaries in these
animals reveal that this facilitation by
progesterone coordinates the receptivity
of the female with ovulation.

Progesterone appears to serve a simi-
lar function in lizards. For example, a
female from which the ovaries have
been removed will not be receptive to
male courtship after a subthreshold
dose of estradiol (.4 microgram) unless
that dose is followed 24 hours later by
60 micrograms of progesterone.

As in mammals, progesterone can
have a quite different effect if it is ad-
ministered simultaneously with estro-
gen or sufficiently long afterward. Then
it inhibits the stimulatory effect of es-
trogen. In the lizard a single injection
of 160 micrograms of progesterone 48
hours after an above-threshold dose (.8
microgram) of estradiol completely in-
hibits the effect of the estrogen.

With the female as with the male both
central and peripheral stimuli are in-
volved in the regulation of receptivity.
When a female that is preovulatory or
has been primed with estrogen is putina
cage containing a male, the male will
immediately begin to court her. Less
than a minute after mating, however,
the female stops being receptive to male
courtship. Experiments have demon-
strated that intromission of the hemipe-
nis is the trigger of the transformation.
A preovulatory female that is courted
and mounted but not mated continues
to be receptive. The duration of intro-
mission also seems to be important,
since females interrupted during mating
continue to be receptive until they are
allowed to mate to completion.

We have found that the presence of
the ovaries is critical in the turning off of
receptivity. If females lacking ovaries
but primed with estrogen are mated,
they will be receptive again within 24
hours. Indeed, preliminary experiments
indicate that such females are unrecep-
tive for only about six hours after mat-
ing. Normal females, on the other hand,
continue to be unreceptive for several
days, suggesting that some change in the
production of ovarian hormones is the
key to the long-term inhibition of re-
ceptivity.

Just as the behavior of the male influ-
ences the reproductive physiology of the
female, so the presence of females has a
strong effect on the male. Males housed
with females have a rapider testicular
growth and sperm development than
males housed with other males.

In sum, the sequence of events in the



reproductive cycle of the lizard begins
with environmental stimulation of tes-
ticular activity. Hormones produced by
the testes as a result of this stimulation
act on discrete areas of the brain to in-
fluence the secretion of gonadotropin
by the pituitary gland and also to acti-
vate sexual behavior in the male. De-
pending on the male’s behavior, the se-
cretion of gonadotropin in the female,
and hence ovarian growth, is either stim-
ulated or inhibited. The sexual behavior
of the female, which is dependent in part
on ovarian hormones and in part on ex-
ternal stimuli, then influences male be-
havior and testicular activity.

The experiments I have described
show A. carolinensis to be a convenient
animal for investigating biomedically
important phenomena that in mammals
are difficult to isolate and dissect into
their component parts, particularly for
studies of the neurological patholo-
gies underlying sexual dysfunction. The
work has also revealed a certain degree
of conservatism in the neural and endo-
crine control of reproductive behavior
in vertebrates. For example, we have
found that the areas of the brain concen-
trating steroid hormones are similar in
lizards and mammals and have found
that the function of these areas in regu-
lating reproductive behavior is similar
too. We have also found that progester-
one has a distinctive role in the hormo-
nal control of female sexual receptivity
(either stimulating it or inhibiting it) in
lizards as in many mammals, suggesting
that this biphasic effect of progesterone
is ancient in evolutionary terms.

It is noteworthy also that the many
unique characteristics of lizards and
the integration of laboratory findings
with observations in the field lead to
a clearer understanding of how behav-
ior interacts with physiology in the ad-
aptation of an animal to its environ-
ment. For example, the work suggests
that the typical time sequence observed
in many species between aggression and
courtship, and the physiological mecha-
nisms underlying these actions, may re-
flect common evolutionary origins. The
opposite effects on the female of male
aggression and courtship may in turn ac-
count for the pattern often seen in verte-
brates of the Temperate Zone in which
males establish territories in the breed-
ing grounds before the females arrive.
Females arriving early would be pre-
vented from reproducing by the aggres-
sive behavior among the males, whereas
females arriving later would be rapidly
stimulated by the courtship behavior
of the territorial males. Finally, the ter-
mination of sexual receptivity by mat-
ing has several advantages for the fe-
male. She locks in her choice of a mate
and decreases her vulnerability to pred-
ators by limiting the time spent in mat-
ing, thereby increasing the chance that
she will survive to leave a large number
of offspring.
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THE AMATEUR
SCIENTIST

Delights of forming water into sheets and

bells with knives, spoons and other objects

by Jearl Walker

ne of the few pleasures I can find

in the sheer drudgery of washing

dishes is forming the thin films

of water known as water bells or water
sheets. For example, if I hold the flat
part of a knife perpendicular to a stream
of water, I can send thin sheets of water
off to each side of the blade by adjusting
the rate of flow and the distance between
the knife and the faucet. Under the right
conditions the sheets fold back on them-
selves and form lovely curved surfaces.
Spoons and other small objects that
are either flat or slightly curved can also
create sheets, but they may generate
other shapes as well. A small circular
obstacle can be made to send out sheets
that fold back on themselves to form a
symmetrical bell shape—a water bell.
You may have seen similar sheets and
bells in fountain displays. Sometimes
the sheets in a fountain are so large that

—
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they are almost water sculptures. Al-
though other factors figure in shaping
the sheets, it is primarily surface tension
that holds them together against disinte-
gration and folds them back on them-
selves to form the bells.

The easiest way for me to form a bell
is with a screw cap from a soft-drink
bottle. The flat top surface is about the
right size for a good bell and I can wedge
two fingers into the bottom of the cap
for support. To avoid spoiling the bell
with my hand I reach up into the stream
of water from below, positioning the flat
part of the cap in the stream at the right
distance from the faucet. The sheets fold
back on my forearm to form a large bell.

Water sheets can also be made from
a stream of water projected upward,
which fountains usually are. A small ob-
stacle in the stream then sends sheets
of water to the sides, either upward or

A water bell made with a bottle cap
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downward depending on the shape of
the obstacle. You can make a water bell
in an upward stream, as in a downward
one, by adjusting the speed at which the
water strikes the obstacle, but the shape
of the bell may not be the same. If
the obstacle has a concave surface, the
sheets are directed downward to form
a bell of about the same shape as one
formed under a faucet. If the obstacle
has a convex surface, the sheets are ini-
tially directed upward. Then they may
curve over and come down. The bell
may have a top that is more saucerlike
than the rounded tops you will usually
get in the sink.

Water sheets have been studied since
at least 1833, when Félix Savart wrote
about them. By 1935 most of the princi-
ples determining the shapes of the sheets
and bells were understood, although
perhaps not in detail because of the diffi-
culty of their mathematics. In the past
20 years or so interest in water sheets
has revived because of the need to con-
trol fluid layers in such areas as spray
painting. Particularly important is the
way thin liquid films break up into
drops. The maximum radius of a sheet
in the sink is primarily determined by
the surface tension of the water. The
sheet disintegrates at the radius where
the surface tension is no longer strong
enough to hold the film together against
the outward push of the moving water,
that is, against the inertial force of the
fluid as it flows radially outward from
the impact point.

Except for the bottle cap the best ob-
stacles for my work with water bells
were the flat bottom of a 20-milliliter
plastic beaker and a curved watch glass
about six centimeters in diameter. The
beaker was just large enough for me to
squeeze in two fingers, so that I could
make water sheets uninterrupted by my
hands. With the watch glass I had a
curved surface to investigate, but my
fingers invariably disturbed the water
sheets.

I first played with a normal falling
stream of water, creating big sheets and
bells that ended up to a large extent on
my clothes and the kitchen floor. When
the flow rate was fairly high, the sheets
from the beaker were deflected to the
sides with such momentum that they
reached the disintegration radius before
they had a chance to curve over. With
lower impact speeds the sheets did curve
before disintegrating. I got horizontal
sheets at high speeds and nearly per-
fect water bells at lower speeds. The
watch glass was less successful. The
concave side yielded short sheets that
were almost immediately spoiled by tur-
bulence. The convex side sent water
downward initially and generated bet-
ter sheets.

To obtain an upward stream of water
I attached a rubber hose to the faucet,
directed the other end upward and held
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What’s the fairest way of allocating the nation’s
limited funds to reduce various risks to human life and
health? A loaded question, to be sure.

One way of evaluating a given risk-reduction
program is to compare estimated costs with expected
benefits, both measured in dollars. But this kind of
analysis is controversial. For one thing, it requires
placing a price on life itself.

Here at the General Motors Research Labora-
tories, societal analysts have developed a method
which avoids that problem completely. It focuses on
longevity and rests on the simple logic that since all
life inevitably ends, no amount of risk reduction can
save lives . . . only lengthen them.

The method involves using the extensive data for
all categories of mortality risks and determining the ef-
fect on longevity of each category independently. The
results can be summarized for each risk by the equa-
tion: Average Years Of Longer Life = 0.2 x Annual
Deaths Per Million Population.

This equation serves two purposes. First, it pro-
vides a perspective of days or years gained from
risk-reduction programs. Second, combined with cost
estimates, it helps rate the effectiveness of those
programs.
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the rig in place with a clamp attached to
a ring stand. The arrangement had the
advantage of producing the water sheets
near the basin of the sink so that they
were less likely to wet me and the kitch-
en. The beaker made large sheets and
bells, depending on how I adjusted the
flow rate of the water and how much
distance I kept between the open end of
the hose and the bottom of the beaker.
The concave side of the watch glass gave
similar results. The convex side sent the
water sheets upward; by adjusting the
rate of flow I could vary the shape of the
sheet as it curved over at its maximum
height and began to fall downward. The
turnover was either smooth and gradual
or sharp and abrupt. When I put a fork
in the upward stream, several water
sheets were created, one sheet through
each space between the prongs, with all
the sheets angled off in different direc-
tions. In addition the portion of the
stream hitting the concave section of the
fork produced part of a water bell. The
combined effect was quite lovely.

A good description of water bells was
written in 1953 by Frank L. Hopwood,
who studied their shapes at different
rates of flow. He made bells by directing
water through a brass tube that was
about 10 centimeters long and 2.1 centi-
meters in external diameter. A coaxial
rod at the top of the tube had fixed to
it either a short cylinder or a nut. The
water had to pass between the rod and
the walls of the tube and then go out
through the narrow slit between the top
of the tube and the obstacle on top. By
screwing either the cylinder or the nut
up or down on the rod Hopwood could
adjust the opening of the slit.

The tube was mounted vertically in a
large basin that was filled with the fall-
ing water. An overflow pipe drained the
additional water into a nearby sink. The
flow of water from the faucet was con-
trolled by a stopcock. With this setup
Hopwood’s water bells joined with the
surface of the water in the basin, giving
the bells a closed interior.

Hopwood created either round-top or
saucer-top bells by adjusting the height
of the slit above the water level in the
basin, the width of the slit and the rate of
flow. Some of the bells with saucerlike
tops had sides that either bent inward
or were straight but slanted. In some
instances the edge at the point of turn-
over was quite sharp. At times the edge
formed cusps, and Hopwood saw small
drops being thrown over the edge. When
he made a large bell and then slowly
decreased the flow rate of the water, the
bell generated a series of these stable
shapes (sides either straight or concave)
in addition to unstable ones as it shrank.
When it had become quite small, it
could assume the shape of a cylinder
with straight vertical sides.

As Hopwood increased the size of a
water bell he punctured the side with his

A watch-glass bell

Sheets formed by the coaxial collision of two jets
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finger and found that the bell immedi-
ately doubled in size. Apparently the in-
terior air pressure was lower than the
atmospheric pressure outside the bell. If
he punctured the side while he was de-
creasing the flow rate and the bell size,
the result was a slight decrease in the
size, implying that the pressure condi-
tions were different.

To further investigate the air pressure
inside a bell, Hopwood slowly blew
bubbles into it by allowing them to rise
through the water in the basin and into
its interior. If the bell was initially round
on top and gently curved, the extra air
pressure inside increased the diameter
near the base; the diameter at the top
contracted. The sides began to curve in-
ward, a rim rose at the top (giving the
top a saucer shape) and eventually a
fold or ditch formed along the perimeter
near the base. These changes continued
until the extra pressure inside the bell
was enough to blow air out from under
the base. Then the bell shrank to its orig-
inal shape.

You can achieve similar results by
running a flexible straw through the wa-
ter in the basin and up into the bell
Gently blow air into the bell. You could
substitute for the straw a small rubber
hose that has a squeeze bulb at one end.
With either setup you could also inves-
tigate the changes brought about by
removing air from the interior of the
bell. Does a bell with a round top sim-

ply shrink, showing no other change in
shape?

Hopwood suggested that two water
bells, one inside the other, can be made
with two slotted tubes that are on the
same axial rod but are attached to inde-
pendent water supplies. I made two in-
complete water bells more easily with
my curved watch glass. The hose from
my faucet ran to a Y hose connector.
One arm of the Y was connected to the
hose I had already mounted vertically
with a clamp and a ring stand. The other
arm was connected to a hose that was
similarly mounted on the ring stand but
was higher up and pointed downward. I
put clamps on each hose so that I could
control the amount of water directed
to each. When I turned on the water
supply, I placed the watch glass in the
stream. I could adjust the flow rate from
each hose, the distance between orifices
and the distance between the obstacle
and each orifice.

The top and bottom surfaces of the
watch glass each produced a water
sheet. Usually the sheets merged at the
rim of the watch glass. With some fid-
dling I could get the concave top to send
upward a water sheet that was not af-
fected by the water sheet sent down by
the convex bottom. Except for the area
where I held the watch glass I had two
water bells well separated from each
other.

Twisting the watch glass made the

two sheets touch and then merge. Sepa-
rating them again took some work: the
surface tension tended to keep them
joined. Sometimes I could separate the
sheets only in a small area on one side
of the watch glass. Then a layer of air
would be trapped between the two sep-
arated sheets. Nearby there might be
large and beautiful distortions of the
sheets with gentle curves up and down. I
replaced the watch glass with a fork and
found similar distortions of the multiple
sheets wherever they merged.

The shape of a bell is determined not
only by the difference in pressure be-
tween the inside and the outside but also
by gravity, the viscous flow of the air
inside the bell and the pull of surface
tension. The effect of surface tension is
twofold: a pull up and down along the
meridian of the bell and a horizontal
pull along the circumference. If the bell
were spherical, the two pulls would be
the same, but the different radii of cur-
vature in the circumferential and merid-
ional directions result in different pulls.

Whether you investigate water bells
and sheets casually or seriously you are
sure to have a lot of fun with them. You
may want to substitute new shapes for
generating the figures or to create water
sculptures with multiple and merging
water bells. Still another way to make
curved water sheets is by letting water
pour over an edge, as in a waterfall. A
shopping mall in Chicago has a stepped

Examples of water sheets that can be made with an inverted stream
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waterfall at least one story high, and
each step displays curved water sheets.
A shape resembling a bell can also be
made by allowing water to pour down a
vertical cylinder so that the sheets leav-
ing the bottom of the cylinder join at a
point below it.

If you photograph water bells made
in your sink, you may find that the
camera picks up much turbulence you
did not see. The only way to eliminate
this drawback is to run the water first
through a number of thin, narrow tubes
and several sheets of wire gauze.

Water sheets and bells can also be
created by having two laminar water
jets collide either head on or at a glanc-
ing angle. Under the right conditions the
water spreads into a sheet that can be
either flat (out to the disintegrationradi-
us) or curved. By adjusting the flow rate
and the diameter of each stream you can
force curvature in either direction: the
sheet curves away from the stream that
has the greater momentum. The essen-
tially flat sheets appear when the mo-
mentum of the streams is the same. At
a suitable imbalance in the momentum
the curved sheet folds back on a source
to form a water bell.

This method of making water sheets
has been employed ever since Savart
first wrote about water bells. He calcu-
lated that the diameter of the sheet or
bell is proportional to the pressure of the
water creating the streams and is also
proportional to the square of the diame-
ters of the two openings through which
the streams emerge. Experimental mea-
surements put the disintegration radius
just short of Savart’s formula.

Extensive studies of colliding streams
were done by J. H. Lienhard and J. C. P.
Huang in the 1960’s. They arranged for
the streams to emerge from a large con-
tainer of water some one foot to two feet
deep. The depth could be adjusted by
an overflow device that maintained a
constant level of water. Two outlets on
the side of the container consisted of
tubes perpendicular to its wall. Precise-
ly drilled holes were made in the pro-
jecting tubes so that when the container
was filled with water, streams emerged
from the holes toward each other. The
arrangement was stable and had the
advantage of making the speed of the
streams easy to control by adjusting
the height of the water in the container.
The holes were also easily replaced with
other holes of different diameters.

The water sheets can be made more
readily but with far less control with my
setup in which the water from a faucet
is run through a Y connector and then
the two streams are directed toward
each other. I have little control over the
diameter of a stream except by replacing
the hose, but I can control the rate of
flow by means of hose clamps. With this
system water bells are easy to make.

The aspect of water sheets that most
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interests modern investigators is how
the sheets disintegrate at their edges.
The most intensive work on the subject
was done by Lienhard and Huang on
sheets they made with colliding streams.
Some components of the disintegration
can be seen clearly only with high-speed
photographs or motion pictures, but
others are visible in my homemade wa-
ter sheets.
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Lienhard and Huang investigated the
disintegration in terms of a factor called
the Weber number, which is a dimen-
sionless number employed in studies of
fluids. It is calculated by multiplying
three quantities—the density and the
diameter of the fluid stream and the
square of its speed—and dividing the re-
sult by the surface tension. In general
only the speed and the diameter can be
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varied; with my kitchen water sheets the
speed is varied by the water valve, and
since a falling stream narrows, a diame-
ter can be chosen at any point along the
stream.

At low Weber numbers (values rang-
ing from 100 to 500) the sheets are sta-
ble and have a nearly circular perimeter,
with beads of water forming along the
perimeter. High-speed photography re-
veals that tiny beads form on the edge
and move along the perimeter, coalesc-
ing into larger beads that finally break
away as drops. You can see the larger
beads and the drops without any photo-
graphic aid, but the motion of the beads
along the perimeter is too rapid to be
perceived.

At somewhat larger Weber numbers
(500 to 3,000) the perimeter of the
sheets forms noticeable cusps that result
from curved waves initiated near the im-
pact point of the streams. The waves
propagate outward over the sheet to set
up the embroidery pattern along the pe-
rimeter. Sheets with the largest stable
radii are in the range of Weber numbers

Water supply

s il

[

from about 1,000 to 2,000. At the top
end of the range the cusps diminish and
the perimeter is again circular. Under
the same conditions large waves can be
seen moving radially outward from the
collision point to the edge of the sheet.
The waves are termed antisymmetrical
because the fluid on opposite sides of the
sheets moves in opposite directions, so
that at some places along the wave the
sheet thins and at other places it thick-
ens. I can improve the visibility of these
waves and the ones forming the cusps at
lower Weber numbers by shining a high-
frequency stroboscopic light on the wa-
ter sheets. The antisymmetrical waves
become larger in amplitude at still larg-
er Weber numbers. By then the breakup
of the edge is readily apparent because
the sheet begins to flap like a flag in
the wind.

With my simple sink setup for making
streams collide I could change the angle
of the streams to get a more glancing
collision. As the two streams were an-
gled closer together on one side the sheet
formed on that side became steadily
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smaller because progressively more of
the water was being thrown to the other
side by the collision. When the angle be-
tween the two streams was reduced to 60
degrees or less, the sheet formed be-
tween them became quite short and the
sheet on the other side grew considera-
bly. The longer sheet was shaped like a
leaf, being pointed at the far tip.

Returning to the water sheets pro-
duced by a stream directed onto an ob-
stacle, I followed some work conducted
by Sir Geoffrey Taylor (who has written
several important papers on the dynam-
ics of water sheets) by introducing a per-
turbation on the obstacle. With a knife I
made a radial ridge on the bottom of
one of my small plastic beakers. When
the beaker is made to create water sheets
in the middle range of Weber numbers,
the ridge sends out curved waves similar
to the ones that make the cusped perim-
eters in that range.

You might like to continue examining
water sheets formed by obstacles or the
collisions of streams. If you want to cor-
relate the speed of the fluid with a sheet
or a sheet’s breakup mechanism, you
will need to construct a fluid supply with
a controlled pressure, as Lienhard and
Huang have done. You may also want
to investigate fluids other than water.
Some of the non-Newtonian fluids I dis-
cussed in this department for Novem-
ber, 1978, may be particularly interest-
ing, although you will have to avoid
the ones with a viscosity so large that it
prevents a flow adequate to produce a
fluid sheet.

oughly seven years ago Elizabeth
Wood (known for her work with
crystals and for her enchanting book
Science for the Airplane Passenger) told
me of another common sink phenome-
non. With the water from the faucet
flowing fairly slowly, hold the flat of a
knife in the stream near the faucet. You
may have to adjust the distance or the
flow rate to see the effect, but usually the
short length of the stream between the
faucet and the knife exhibits ripples.
The wavelength of the ripples depends
on the speed of the water and the length
of the falling stream.

For all seven years 1 occasionally
searched for an explanation of the rip-
ples. The answer finally came as Lien-
hard and I were discussing water bells
for this article. He made an offhand re-
mark about the effect and then pointed
out that he had published the explana-
tion in 1968 in the paper listed in the
bibliography for this issue [page 198].
The explanation stemmed from work
Lord Rayleigh had done in 1878 and
1879 on waves propagating along a lig-
uid cylinder. What you see in the falling
stream are the waves generated by the
impact of the stream on the knife. They
move upward along the water stream
with the same speed at which the stream

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%z, 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 wherever you 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
tascination 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
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in USA. We ship AIR on request. CA residents add 6% sales
tax. All merchandise subject to availability. Prices good only
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DEPT.SAh  WRITE OR CALL FOR FREE CATALOG.

3211 South Harbor Bivd., Santa Ana, CA 92704
4 Stores in California — CALL:
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IS THIS
THE
WORLD'S
GREATEST |
INVENTION? |

WHILE INVENTIONS SUCH AS 4
THE WHEEL THE STEAM

ENGINE, THE AIRPLANE,

AND THE SATURN v

ROCKET HAVE FILLED CER-
TAIN NEEDS OF MAN-
KIND, NONE HAS DEALT
S0 SIMPLY AND DIRECTLY
WITH MAN'S UNDENIABLE
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CENTRAL NEED... TO KNOW WHICH WAY IS UP!

The Up Indicator is an elegant device of oil finished wood
with metallic labels. it stands aboul 10cm high, perfect
for desk or laboratory. No scientist or engineer can
function at his frue best without the inspirational pre
sance of an Up indicator.

The Up Indicator is supphed with & free booklet sxplaining
the history, us#s, and theory of opevaiion. which some
might find amusing

UNIVERSAL INSANITY, INC.

P.O BOX 2523, CASTRO VALLEY, CA 94546
| enclose $ for “Up Indicators" at $5.95
each plus $1.00 shipping and handling.

lenclose $ for_____booklets only at $1.50 each.
California residents add 6% sales tax.
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A water sheet with a cusped perimeter

falls, and the result is that they look sta-
tionary to you.

To investigate these waves Lienhard
arranged for a can full of water to leak
through a small central hole onto the
surface of water in a full martini glass.
The diameter of the hole was .026 inch.
The distance the water fell was both
short and constant, but because the wa-
ter level in the can slowly decreased, the
pressure on the hole and the speed of the
water also slowly decreased.

As the speed of the water draining
from the can diminished, the correlation
between the speed of the stream and the
speed of the waves meant that the wave-
length of the ripples had to increase. The
wavelength finally reached an upper
limit. Rayleigh showed that the water
column would be unstable for any wave
with a length exceeding the circumfer-
ence of the column. The longest wave-
length that can result in a stable wave in
the falling stream is therefore equal to
the circumference of the stream. When
the speed of the water is low enough to
result in instability, the ripples some-

Waves on a falling stream

times break up into droplets, sending
some of them skimming across the sur-
face of the water in the martini glass.
(How such drops float above the bulk
liquid was discussed in this department
for June, 1978.) The greatest instability
is in a wave with a wavelength about
4.5 times the diameter of the stream.
It is therefore a larger wavelength than
the largest one that gives a stable wave.
Such a wave generates swellings in the
stream that quickly grow larger until
the stream breaks up into drops.

If you have access to a camera with
a closeup lens, you can photograph the
rippled stream as water slowly drains
from a can. The wavelength of the rip-
ples should be approximately inversely
proportional to the distance between
the water level in the can and the water
level in the martini glass. With several
closeup photographs you can measure
the distance between adjacent ripples
and plot their separation against the dis-
tance between the water levels. At the
very least it is a good way to spend a
hot summer afternoon.

Waves on a stream emerging from a hole in a paper cup
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Introducing. ..

The

Fresh-Air
Phenomenon

Guaranteed to Control Odors.

The only electronic air freshener listed by

Now, through this exclusive scientific breakthrough, indoorair can be

purified in exactly the same way outdoor air is purified by lightning during

athunderstorm.

Think of that sweet *‘country fresh air’ smell
following a thunderstorm. That's actually the
absence of odor. The electrical activity in the
air created by lightning adds a small nega-
tively-charged electron to each oxygen mol-
ecule in the air. Science has long recognized
the miracle of this phenomenon known as
ionization. Amazingly, theseionizedmolecules
combine with any odor-bearing molecules in
the air—destroyingthem.

The Environ-air unit's patented process
electrostatically creates these same nega-
tively-charged oxygen molecules that per-
meate any enclosed space and attract odor
molecules like a magnet until they're totally
“neutralized.”

BEFORE ENVIRON-AIRE

There were two ways to control odors: Dilute
—constantly recycle fresh air to dilute odor
molecules or deodorize —constantly mask
odor with a heavy perfumy scent. Now, with
Environ-air, there's a third, more effective
and highly scientific way. And that's to destroy
all organic odor molecules electronically.

WHAT THE ENVIRON-AIRE IS NOT

It's not a one-shot cover-up. It doesn't mask
odors —it destroys them electronically. And
it kills tough odors continuously —not tem-
porarily like sprays, wicks, stick-ons, etc.
There are never any chemicals to buy, bulbs
to burn out or filters to replace. The unit uses
only as much electricity as a 25-watt light
bulb.

WHAT IT IS

The Environ-aireisacontinuous air-cleansing
process so unique it's patented. It uses the
latest in space-age electronic technology to
create the first energy and cost-efficient air
purification system for the home Even in a

E CAMBRIDGE
H INTERNA Inc.

8700 Waukegan Road Morton Grove, lllinois 60053 (312) 966-5510

Order Now — Call Toll Free
800-621-5559
(In NMinois call 800-922-5858)
24 Hours A Day —7 Days A Week

smoke-filled room, you will be breathing only
clean, fresh air all day long.

FORCED AIR—THE MOST IMPORTANT
NEW FEATURE INNOVATION

One of the secrets of this new system is that it
keeps the ionized air in constant motion. The
Environ-aire is the only electronic air fresh-
ener that continuously “‘pumps out” ionized
oxygen molecules into the air, permeating
every square inch of space—ready to attack
and deactivate any odor-causing molecules
instantaneously. Keeping the ionized air cir-
culating is such an important factor that so-
called "space age” air fresheners without it
are truly outdated. Without it, odor-killing
molecules simply fall to the ground near the
unit, rendering them useless against odors.

A DUST-FREE ENVIRONMENT:

AN UNEXPECTED BONUS

The Environ-aire also de-activates dust parti-
cles suspended in the air. The ionized oxygen
pumped into your room will attach itself to
any impurities in the air, causing them to fall
to the ground. Ahhhh ... what's left is pure,
clean air.

PROVEN EFFECTIVE IN HOSPITALS,

FISH MARKETS, PET SHOPS & MORE

Prior to this special introduction to con-
sumers, hundreds of Environ-aire units were
used by businesses with their own peculiar
odor problems. After using it for over 8 months
they found it to be the only answer to annoy-
ing, persistent odors. Why? Because it out-
performs other systems in what it does and
how it does it.

TO USE IT IS TO LOVE IT

You will feel the difference immediately. The
Environ-aire will cleanse any 20’ x 20’ room of
odor-causing molecules within just 5 minutes!

Clip and mail to:

U.S. Government Patent No. 3,925,673

Imagine how exhilarated you'll feel with a
fresh supply of ionized oxygen surrounding
you day and night!

CLEAR THE AIR ONCE AND FOR ALL

In the kitchen...bathroom... basement
nursery...pet areas...smoke-filled offices.
Use it anywhere stale, musty, offensive or
pungent odors are a problem. The attractive
wood-grain unitiscompact— 10" x 6" x4” deep
—and lightweight—only 8 pounds. It can be
wall mounted as an inconspicuous permanent
fixture where annoying odors tend to ac-
cumulate. Or, it can be moved from place to
place as needed, taking up little space on a
shelf or floor. And installing it is simple —just
plugitin. It uses regular household current.

LET YOUR NOSE PROVE ITS
EFFECTIVENESS IN YOUR HOME

OR OFFICE

The Environ-aire may sound too good to be
true. That's why we offer a 30-day trial period
and ask you to really give it a workout. For
starters, simply turn the unit on, then cutup a
big, juicy onion. No tears. No smell.

SOLIDLY BACKED

If anything goes wrong with your unit during
the first year Environmental Electronics Cor-
poration will repair it—without charge.
Although the Environ-aire is built to last and
be virtually maintenance free, it's still nice to
know the manufacturer is service conscious.

SPECIAL INTRODUCTORY PRICE

The Environ-aire is manufactured for Cam-
bridge International by EEC. We are offering
this exciting new product directly to our cus-
tomers exclusively through the mail for only
$119.95duringournationalintroduction. Order
one at no obligation today.

Cambridge International, Inc. Dept. A8
8700 Waukegan Rd., Morton Grove, Ill. 60053

[ Please rush me

Environ-aire unit(s) at just $119.95 each plus $6.95

shipping & handling. (lll. residents add 5% tax.) | understand that if I am not
absolutely satisfied with my purchase, | may return it within 30 days for a

5 UNBREAKABLE PROMISES WE MAKE TO YOU

We promise that each exciting product we introduce to you has been carefully evaluated
and judged by an independent panel of consumers and found to be:

. A genuine value at a special price
. Made of only the finest quality components

guarantee

oo w o =

. Covered by the manufacturer's own warranty plus our added 30-day money-back

. Excellent enough to earn government approvals or UL listings (when applicable)
. Developed from the most advanced technology available
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Take in the terrific terrain from the civilized comfort of one of our wilderness
rail excursions. Pack up a picnic lunch and treat the family to a unique day-trip adventure.
For all you need to plan your vacation, call us COLLECT (416) 965-4008, or write:
Ontario Travel, Dept. WR., Queen's Park, Toronto, M7A 2ES.
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Jerry Kibler liked the Honda Civic engine
so much he put one in his airplane.

Jerry Kibler of Bellflower, California, has a refreshing hobby.

He builds airplanes. Real airplanes. And after he builds them he
flies around in them.

Naturally, we were pleased to learn that Jerry thought enough
of our Honda Civic®1200 engine to use one of them in three of his
airplanes, including the BD-5 you see here.

“It’s basically a simple engine,” he told us. “It’s light and compact,
but it has enough power to give me a top speed of 212 in the

BD-5. In my three planes I've logged 230 hours so far, and the
engine works just great.”

Actually, the Civic 1200 is one of our earlier Civic engines.

©1979 American Honda Motor Co., Inc.  Civic 1200 and Prelude are Honda trademarks.
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Later on, when we introduced our Honda Civic CVCC®models,
we gave them a new 1488cc engine. And more recently we

designed a larger 1751cc engine for our larger cars, the Accord®
and the Prelude.

Jerry Kibler modified his Civic 1200 engine in several ways in
order to save weight and make it more suitable to an aircraft. He
also added a turbocharger to increase its power. Which brings
us to another point. Honda engines are designed strictly for
cars, and we recommend that you do not put them in airplanes.

Nevertheless, we feel that Jerry Kibler’s faith in our simple
engine amounts to an impressive testimonial. Especially when

you consider that Jerry was so pleased by the Honda
) Civic engine in his plane that he went out and bought
=¥ the whole Honda Civic.

. o/NDIA

We make it simple.
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*Seotchand water.”

If you like fine Scotch, you’lllove  delicate.

light, imported Jameson Irish. The dedicated Scotch drinker
Try a glass of Jameson Irish the way will instantly appreciate this flavor
you would your favorite Scotch. With difference.
water. Soda. On the rocks. Though it may take a little time
You'll notice how much it tastes like getting used to saying, “Jameson Irish
fine Scotch —only lighter and more and water, please”’

Jameson.World’s largest-selling Irish Whiskey.

80 & 86 PROOF ¢ CALVERT DiST. CO. N.Y.C
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