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With HP's broad range of workstations, you can choose the one that best fits your application and budget. From
personal computers for engineers to desktop mainframes, with beginning prices ranging from $3.950 to $28,250.
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Presenting your broadest choice of
engineering workstations anywhere.
From alow-cost personal computer
to a powerful 32-bit system.

No doubt about it; when you put a computer on every engi-
neer’s desk, it helps them be more productive.

In fact, at Hewlett-Packard, the workstation approach has
worked so well for our own engineers that we've taken it to
an entirely new dimension.

It's called the Engineering Productivity Network. As you
can sce, it includes the broadest range of workstations avail-
able anywhere. From the recently-introduced 32-bit HP 9000
desktop mainframe to our personal computer designed just
for engineers.

With such a wide range to choose from, you can match the
computing power to the individual task. And give every engi-
neer the tool it takes to do the best possible job.

To help vou tailor every workstation to a task even more
closely, we have over 200 specific application software pack-
ages. And since our workstations use HP-UX — our enhanced
version of the UNIX* operating system — we’ll be able to bring
vou a lot more in the future.

Of course. when you tie all these individually-optimized
workstations together into a network, you can look for an even
higher level of performance. Whether you choose our HP-UX
networking, Elthernet local area network, or Shared Resource
Manager, your engineers can share data and peripherals, com-
municate much better, and get more done than ever before.

The HP Engineering Productivity Network. You can start
with one workstation, or with dozens. But no matter where
vou start, you're actually making your whole department more
productive. One step at a time.

To find out more, just call the nearest HP office listed in
the white pages of your telephone book, and ask for a
Technical Computer Representative. Or write to Pat Welch,
Dept. 41189, Hewlett-Packard, 19447 Pruneridge Avenue,
Cupertino, CA 95014. In Europe, write Henk van Lammeren,
Hewlett-Packard, Dept. 41189, P.O. Box 529, 1180 AM,
Amstelveen, the Netherlands.

We'll be happy to show you how far you can really go with
a good idea.

*UNIX is a trademark of Bell Laboratories.

[éﬂ HEWLETT

PACKARD ...
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BENAULT You won't find it in a dictionary because
it's a totally new science. The application
ENCOM of Renault’s European aesthetics to the
functionality of hatchback design.

Youre looking at the most innovative example of it: Encore. Survey

the world through the panoramic dimensions of its rear window.
Examine the European aerodynamics that produce visual as well as

et HATCHBACKOLOGY

52 EST HWY, 38 EPA EST MPG * Note how independent suspension,
power front disc brakes and electronic fuel injection create a sophis-
tication of handling and performance. And how a 6040 split rear
folding seat befits an ease of fitting. Built ©n America. Renault
Encore. Hatchbackology with the added discipline of applied eco-

it RENAULT

to help drive the benefits of

*Use for comparison. Your mileage may vary wnh speed, trip length,
weather. Actual highway and CA figures lower. **Manufacturer's sug- W)
gested retail price. Tax, license, destination charges, rear deck spoiler I m om m WMCH \Y

this new science home.
72, wheel covers $90.and r regional equipment extra

Built by American Motors. i Safety belts save lives.
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The painting on the cover shows the Stone of Coyolxauhqui, a huge sculptured
disk uncovered in the excavation of the Great Temple of Tenochtitlan in Mex-
ico City (see “The Great Temple of Tenochtitlan,” by Eduardo Matos Mocte-
zuma, page 80). The Great Temple was the Aztec monument to Huitzilopoch-
tli, the god of war, and Tlaloc, the god of water; it was destroyed by the Spanish
conquistadors. According to Aztec myth, Coyolxauhqui was the sister of Hui-
tzilopochtli and was killed by him in a battle on the hill of Coatepec. The disk,
which is 3.25 meters in diameter, shows her dismembered body. When the disk
was uncovered, it was cracked in two; the crack is eliminated in the painting.
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The Lands’ End herringbone jacket.

A classic when we introduced it. And,
at $115, an even greater value now.

hat first led us to think about
tailored clothing was your
active response to our Oxford

buttondowns, our Lands’ End knit
ties, and other classic items like our
Lands' End turtlenecks.

We reasoned you might like suit-
able jackets to wear over these items,
provided —and this was a big “if "~ we
could offer them with the kind of
quality features you expect from
Lands’ End, and at Lands’ End prices.

Then we went to work.

We sent our buyers on the prowl for
fabrics. We challenged our tailors to add
quality features, not eliminate them
for cost reasons. And, finally, we
encouraged them to practice their Old
World tailoring skills; and how they
responded when they realized we were
serious!

The results are now in.

The herringbone classic described
above is typical of what Lands' End now
offers in our Charter Collection. A small
but excellentgroup of traditional jackets,
plus some well-tailored slacks that
harmonize with them, and some appro-
priate shirts and ties.

There’s no way we can properly
describe the look and feel and fit of this
clothing. You need to experience it,
yourself. Even then you'll find it hard to
believe prices ranging from $105 in a
jacket of cotton corduroy and $115 in
a herringbone to $195 for a top of the
line camel’s hair.

Open our catalog.

See the complete Charter Collection in
our catalog. Shop us for sweaters, ski
wear, deck wear and soft luggage, too.
And, remember, everything Lands’
End offers carries our incredible
guarantee.

In two words:

GUARANTEED. PERIOD.

v

Collar and shoulders
are handset, so jacket
will hang properls

Inner “canvas
o proper Ension so it

] I
drapes nicely

Hand-stitched
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armhaoles
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pockers. Wallet
pocket buttons
doumn

Extra buttons
I‘HL‘I.IL! mn

the pocket

High count .
lining, Patch pockets
gold are pattern-
piping. matched.
Send the coupon for a free catalog =~F~—————————— ———

or call for one toll-free at 800-356-4444.
One of our operators will answer you
in person, 24 hours a day.

I Please send free
| catalog.

Lands’ End Dept. Q-06
|
| Dodgeville, WI 53595
|
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putto™
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0¥
o and C?:;“ ::p;d ﬁﬁ%‘;ﬁsﬂd ﬁ:‘ I State Zip
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the best in self-instructional [ ]
foreign language courses using |
audio cassettes — featuring
those used to train U.S. State
Dept. personnel in Spanish,
French, German, Portuguese,
Japanese, Greek, Hebrew,

Arabic, Chinese, Learn [ |
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e @ foreignt i
language oni

your own!:..§
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Guilford. CT 06437
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Nordtc’rafck

Jarless Total Body

Cardiovascular Exerciser.
Duplicates X-C Skiing For The
Best Way To Fitness-

NordicTrack duplicates the smooth rhythmic total
body motion of XC Skiing. Recognized by health au-
thorities as the most effective fitness building exercise
available. Uniformly exercises more muscles than jog-
ging, swimming, cycling and rowing.

BetterThan | |
Jogging,

Swimming
or Cycling

Does Not cause joint or back problems as in jogging.
Highly effective for weight control and muscle toning.

Easily Adjustable for arm resistance, leg resistance
and body height. Smooth, quiet action. Folds com-
pactly to require only 15 by 17 inches of storage area. | |
Lifetime quality.

Used In thousands of homes and many major health
clubs, universities, and corporate fitness centers.

Call or Write for FREE BROCHURE
Toll Free 1-800-328-5888 MN 612-448-6987

PSI 124 F Columbia Crt.,  Chaska, Minn. 55318

LETTERS

The Romans did indeed have the
threaded nut and bolt, contrary to the
assertion of Frederick E. Graves in
his article “Nuts and Bolts” [SCIENTIFIC
AMERICAN, June]. The interested reader
is referred to F. M. Feldhaus’ Technik
der Vorzeit, W. Engelmann, Leipzig and
Berlin, 1914, and particularly to Hen-
ry C. Mercer’s invaluable work Ancient
Carpenters’ Tools, Horizon Press, 1975
(fifth edition). Mercer reproduces a pho-
tograph of a Roman threaded bolt nut
of wrought iron, one and five-eighths of
an inch square by five-eighths of an
inch thick, “excavated between 1893 and
1900 with other Roman relics, of date
c. A.D. 180 to 260, at the Roman forti-
fied boundary (‘Limes’) at Niederbie-
ber, near Neuwied, Nassau, Germany.”
Although to my knowledge no Roman
threaded bolts or wrenches have been
recovered, I believe we may safely infer
that they existed. The inconspicuous-
ness of the nut, which was on display at
the Provincial Museum in Bonn at the
time of Mercer’s writing (1928), certain-
ly contrasts with its significance. One
wonders what unrecovered mechanism
the nut and bolt may have enabled the
Romans to construct; there is, of course,
the melancholy but not unlikely possi-
bility that the nut and bolt were invented
for purposes of war.

ROBERT FIENGO

City University of New York
New York, N.Y.

Sirs:.

“The Descent of Hominoids and
Hominids,” by David Pilbeam [SCIEN-
TIFIC AMERICAN, March], points up the
great progress that is being made in
filling in gaps that have been styled
for more than a century as “the miss-
ing link.” A biologist regularly encoun-
ters the usual creationist arguments,
of which one they consider among the
strongest is the question of missing links,
a lack they regard as virtual proof that
no species is or ever was derived from
another. They assert that the only rad-
ical changes since the creation have
involved loss of created species, that
otherwise we see only minor alterations
leading to new varieties of any given
species, but no new species. They have
a little trouble with a few examples,
such as Archaeopteryx (which, in spite of
many clearly reptilian characteristics,
they regard as a sort of delinquent bird).
The degree to which the primate picture
is being filled in they find quite uncon-
vincing, and they totally ignore the re-
lations among species revealed by mo-

© 1984 SCIENTIFIC AMERICAN, INC

lecular biology. But what of the gener-
al argument?

In a scientific sense the lack of in-
termediate forms has obvious explana-
tions. The acquisition of new successful
genetic traits is very rare, and any popu-
lation of individuals with adaptations
will typically be small and restricted to
some highly localized area. One would
assume that even under the most favor-
able circumstances new traits would at
first be of neutral value or possibly dis-
advantageous except in some particu-
lar habitat in which the altered organism
could survive. Only when an accumula-
tion of advantageous traits resulted in
real survival value would the mutants
begin to radiate, compete successfully
and increase in numbers exponentially.

But only when exponential popula-
tion expansion had occurred to a very
marked degree would the chances of
finding the novel form be finite. Still
more stringent and rare, the link would
need properties and location favorable
to fossilization. Perhaps an analogy will
make this point more realistic.

One might hypothesize that the air-
plane was an evolutionary development
that began with the bicycle. (The Wright
Brothers as bicycle mechanics used a
number of features of the bicycie in
their early planes.) In the first 10 years
the airplane was hardly more than a
curiosity, and the number of these
frail machines in existence was mi-
nuscule until World War I. Even then
we are talking about only hundreds of
airplanes basically made of wood and
cloth, and hence quite poorly adapted to
stand the ravages of time and neglect.

It was only with the development of
all-metal planes in the 1930’s that we
could begin to think of the airplane as an
object that, in a discarded form, might
exist for an appreciable time. As ev-
eryone knows, World War II induced
improvement and proliferation of air-
planes in an exponential fashion to
achieve the state we see today of a world
in which nearly every hamlet has an air-
strip with at least a few planes and in
which the number of airplanes world-
wide is in the hundreds of thousands.

The point, of course, is that were it not
for museums and the written record, the
“fossil evidence” would lead us to the
conclusion that the airplane sprang on
us in the 1940’s in a most elaborate and
perfected form having no linkage with
any possible forebear such as the bicy-
cle. If we were not thoroughly acquaint-
ed with the steps in the development
of this now immensely complex, highly
diverse and seemingly miraculous ma-
chine, we too might be tempted to think
of the supernatural.

DEAN FRASER

Indiana University
Bloomington



WHAT A CLOCKMAKER IN 18TH CENTURY
ENGLAND TAUGHT US ABOUT MAKING

QUALITY PERSONAL PRINTERS.

Each gear finely honed. Each pendu-
lum carefully balanced. Each timepiece
acombination of precision and function.
He was a craftsman, building a quality
product to stand the test of time.

Today, Okidata makes the most tech-
nologically advanced dot matrix print-
ers the same way. With quality, perfor-
mance, and a healthy respect for value.

Function with affordability. All print-
ers print, but an Okidata does it with
more performance and versatility than
any other. There are seven models to
choose from, priced at $349 to $2,595.

Affordability with flexibility. Oki-
data offers three print modes, too. The
data processing mode lets you print up
to 350 characters per second. That's
five pages aminute. Another modelets
you print emphasized or enhanced text
for more effective presentations, while
the correspondence mode prints letter

quality at up to 85 characters per sec-
ond, with clarity that rivals daisywheel.
And an Okidata can print graphics and
charts, which a daisywheel can't. This
allows you to fully use the latest inte-
grated software packages like Lotus
1-2-3™ and Symphony™.

Flexibility with compatibility. Each
Okidata printer is fully compatible with
all popular software packages and per-
sonal computers. Special interfaces
are available for IBM and Apple, in-
cluding the Apple Macintosh.

Compatibility with reliability.
Here's where Okidata quality really
shows. With a warranty claim rate of
less than 1/2 of 1%. With printheads
thatlast well beyond 200,000,000 char-
acters and come with a full year guaran-
tee. With service available nationwide
through Xerox Service Centers.

Precision and performance. Quality
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and value. That old English clockmaker
would have been very proud of us.

Call 1-800-OKIDATA (609-235-2600

in New Jersey) for the name of the Au-
thorized Okidata Dealer nearest you.

OKIDATA

an OK|I AMERICA company
Technological Craftsmanship.

Lotus 1-2-3 and Symphony are trademarks of Lotus
Development Corp.




Mercedes-Benz, which formerly
stood virtually alone among auto-
mobiles, has a new and worthy
competitor. The Continental
Mark VII LSC. That's the con-
clusion reached by automotive
experts who, after driving it,
made some interesting
observations.

‘A substantial and gutsy depar-
ture...designed to create a

direct challenge to some of the
great Autobahn cruisers of
Europe’” —Motor Trend

The Mark VII LSC is powered to
keep company with some very
illustrious touring machines. With
an advanced, electronically fuel-
injected 5.0 liter V-8 or a new
European designed 2.4 liter
Turbo Diesel. Another factor in
the way this car moves is its

shape. With a drag coefficient of
just .38, the flow of air actually
helps it hold the road more
solidly.

“We can’t think of another car in

this class, domestic or imported,

that has its manners and comfort.’
—AutoWeek

Those aforementioned road
manners are due, in large mea-
sure, to an electronically

Mercedes now has something it hasn't had before.

Get it together—buckle up.
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controlled air suspension sys-
tem. A technological advance
offered by no other automaker in
the world.

Coupled with quick-ratio, power-
assisted rack-and-pinion steer-
ing, front and rear stabilizer bars,
and nitrogen pressurized shocks,
the result is a unique combina-
tion of disciplined handling and
plush ride.

As for comfort, there are a
number of interior accoutrements
including a rear passenger com-
partment heating vent and, as an
option, individually heated con-
toured front seats.

“Move over Mercedes and
BMW, there’s a new show in
town. —AutoWeek
The single guiding philosophy
behind the Continental Mark VI

LSC is this: That it be rewarding
to drive, not justride in. It's a
philosophy that guided the
engineering approach to every
aspect of this automobile. Its
ride, performance, even the
way it looks.

The new Continental Mark VII
LSC. You could buy a much more
expensive European equivalent.
But why would you want to?

THE NEW CONTINENTAL MARKVII LSC.

Competition.

LINCOLN-MERCURY DIVISION

© 1984 SCIENTIFIC AMERICAN, INC



Introducing Firestone 5 5-2ll Import Lar Aadial.

WORLD PROVEDN PERFORMAINLE.
FROM YOUR HOMETOWN
FIRESTONE RETAILER.

With over 10 million sold all around the world,
Firestone's S-211 import car radial has proved
itself in use in over 80 countries

And it's approved on the cars of 14 leading
international manufacturers from Alfa Romeo
and Audi fo Toyota and Honda ta Volkswagen
and Volvo

But you don't have to search all over the
world to find it. Because now it's come to

America at over 3,500 hometown American
Firestone retailers

Ina full range of sizes for your import or small
domestic car to give you the performance you
want backed by the service you need

Advanced design for world driving
conditions with straight sidewalls, elliptical
footprint, dual fread radius, and laterally
stable steel belt consiruction for traction,
handling, and long wear

The Firestone S-211. See it at your Firestone
retailer.

World proven performance

Hometown American service
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

AUGUST, 1934: “It took chemistry
hundreds of years to discover in nature
all of the 92 chemical elements that
Mendeleeff was able to predict in ad-
vance through his great generalization,
the periodic table. Now the Italian phys-
icist Enrico Fermi believes he has giv-
en us Element 93. Does this mean that,
with nature’s normal 92 elements al-
ready found, we are at the beginning of
a new series of discoveries of super-
elements higher in atomic weight than
those already known? It must be kept
clearly in mind that the new ‘discovery’
(which is actually a man-made synthe-
sis) of Element 93 had nothing to do
with the earlier predictions. It was the
logical outcome of research done re-
cently by the French physicists Iréne
Curie Joliot (daughter of Madame Cu-
rie of radium fame) and her husband,
Professor Frédéric Joliot. These two an-
nounced earlier this year that they had
created new forms of nitrogen, silicon
and phosphorus by bombarding the
nuclei of boron, magnesium and alu-
minum. The elements of higher weight
were thus synthesized from elements
of lower weight, but they did not ‘stay
put’—they proved to be radioactive and
transitory.”

“After years of litigation in various
courts, Dr. Lee De Forest’s claim to the
invention of the ‘feed-back’ and oscillat-
ing vacuum-tube circuits has been up-
held by the Supreme Court of the Unit-
ed States. The Court stated that many
experiments were made with a view to
exploring the vacuum tube’s capacities
and developing them. Among those
interested and curious was Edwin H.
Armstrong. He conceived the idea in
about January, 1913, that through a
hook-up or coupling of the output and
input circuits there would be a feed-
back or regeneration of energy whereby
the plate in the vacuum tube would be-
come an independent generator of con-
tinuous oscillations. De Forest with his
assistant Van Etten had been working
during the summer of 1912 on the devel-
opment of the vacuum tube as a genera-
tor of alternating currents for any and
all uses. On August 6, 1912, a diagram
showing a feed-back hook-up of the in-
put and output circuits is recorded in
Van Etten’s notebook. Armstrong does
not deny that all this was done just as
stated by De Forest. What he does deny

is that anything done or recorded in Au-
gust, 1912, is in anticipation of his own
invention. He says the sustained oscilla-
tions generated at that time were audio
and not radio frequency. He says there
was no perception or thought that the
plate could be made to oscillate at
radio as well as audible frequencies
through a coupling of the circuits.”

“Between Admiral Richard Evelyn
Byrd and the bleak Antarctic, where the
thermometer drops to almost 100 de-
grees below zero Fahrenheit, there are
only the slim walls of his hut, a bare
four inches in thickness. Within the hut
he has a cook-stove, a small heater and
a lighting arrangement—together con-
suming only four quarts of oil a day. Yet
the Admiral reports that his quarters
are decidedly livable. Four quarts of
oil...four inches of wall...on the hem
of the South Pole! It doesn’t sound possi-
ble. And it wouldn’t be, except for the
intervention of science in the form of
two paper-thin layers of aluminum foil,
or metallation. Embedded in the wall,
they throw the heat, generated by the
cook-stove, the heater and the lights,
and even from the Admiral’s body, back
into the room, much in the manner
of mirrors. It has been demonstrated
that only about 5 per cent of radiant
heat that strikes aluminum foil goes
through—95 per cent is reflected back.
This white man’s igloo represents so
remarkable a feat in the difficult art of
keeping warm that it is being exhibited
inreplica at the Century of Progress Ex-
position in Chicago.”

AUGUST, 1884: “Very few people
living in the United States, except resi-
dents of the Pacific Coast, had ever felta
decided earthquake shock previous to
the afternoon of Sunday, August 10,
when one was experienced on the Atlan-
tic seaboard from Maine to Virginia, ex-
tending as far inland as West Virginia,
and over the greater portion of Penn-
sylvania and New York. The shock was
most severely felt on the south shore of
Long Island, near New York City, and
in the southern part of the city itself, and
on the adjacent coast of New Jersey, be-
tween 2:05 and 2:07 p.M. The length of
its duration is variously given at from
five to 20 seconds, the latter probably
including the beginning and ending of
the tremor, not so plainly perceptible
as the very violent shaking so plainly
perceived by everyone for from five to
seven seconds. There was no damage
done of any consequence anywhere—
only some glass and crockery broken,
ceilings cracked and loose chimney
bricksdislocated—but the most massive
buildings in New York were shaken to
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their foundations, and people who hap-
pened to be on third or fourth stories,
or higher, thought that only slight addi-
tional force would have been needed to
bring down many structures and cause
a great loss of life.”

“In view of the possible invasion of
the United States by the cholera during
the present summer, the following com-
ments by Florence Nightingale will be
read with interest: ‘Our whole experi-
ence in India, where cholera is never
wholly absent, tends to prove that chol-
era is not communicable from person to
person. Cholera is a local disease—an
epidemic affecting localities, and there
depending on pollution of earth, air and
water and buildings. The isolation of the
sick cannot stop the disease, nor can
quarantine, cordons or the like. The
only preventive is to vigorously enforce
sanitary measures, e.g., scavenge, scav-
enge, scavenge; wash, cleanse and lime-
wash; remove all putrid human refuse
from privies and cess pits and cesspools
and dustbins; look to stables and cow
sheds and pig sties; look to common
lodging houses and crowded places,
dirty houses and yards.””

“The brilliant discoveries by Pasteur
and by Koch are as much due to the
perfected microscope as to any one
cause. The nature and habits of the tu-
bercular bacillus have only been capa-
ble of study since the microscope was
so improved that organisms heretofore
unrecognizable stand revealed. Disease
has been traced to its source, the pres-
ence of bacteria and germs, by the use of
the finest microscopic appliances; and in
fact a thorough course study in the art of
intelligently using this instrument is be-
coming yearly a greater necessity. And
when another potent servant of man,
electricity, is summoned to aid the mi-
croscope, the power of the latter is in-
creased to an astonishing degree. Re-
cently in London such an apparatus
threw upon a screen the image of a chol-
era germ, magnified two million times,
and in which these long hidden and mi-
nute organisms appeared the size of a
human hand.”

“It is not generally known that there is
an American town in the realms of the
Czar, yet such is a fact, it being near
Moreton Bay in Kamtschatka. The col-
ony has been formed, gradually, by im-
migrants attracted by the establishment
of important lumbering operations, in-
cluding saw mills, by an American com-
pany, and the town itself has so far been
practically ignored. It is not on any
known map and does not appear in the
Russian real-estate register or on any tax
list. The consequence is that the inhabi-
tants pay no kind of tax and, until re-
cently at least, have remained indepen-
dent of the Russian authorities.”

11
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PRODUCTION:
THE WORLD'’S FIRST
ORTABLE CELLULAR

TELEPHONE.




Here's a phone you can take to work, to the golf course or to lunch. Motorola's
hand-held cellular portable is a true portable, reflecting the most innovative cellular
technology in production anywhere in the world today.

It is also self-powered, self-contained, weighs only 30 ounces, and can call any
other telephone in the world, from any U.S. city with cellular service. In short, it's
unmatched for convenience, unsurpassed in cellular electronics, and unavailable
from Japan.

In the United States today, cellular telephone service is becoming a reality on a
city-by-city basis. As systems are installed, the remarkable mobile telephones you've
been hearing about are being introduced. These telephones open new possibilities
in personal communication and are being enthusiastically received.

And we are now delivering the most innovative cellular telephone of all, the
amazing portable. As this instrument
becomes more and more popular, a quiet
revolution in personal communication
will occur.

The cellular age is the realization of
a plan we've been working on for 14
years. The result will soon be all around
us. Already, some new car manufac-
turers are listing cellular telephones as
accessories.

We'll soon see personal telephones
in boats, briefcases, and perhaps even i
pockets. And the smaller and lighter
these units are, the more convenient
they'll be. The Motorola portable already
becomes the smallest mobile cellular
phone of all, when used with its vehicle
adapter.

This remarkable telephone fairly
abounds with technological breakthroughs in miniaturization. More than 20 distinc-
tively different patents are represented in its ultra-compact design.

Motorola is no stranger to mobile communications. Over the years, we've built
more mobile telephones, two-way radios and pocket pagers than any other company
in the world. Our preeminence in these areas and in cellular technology may surprise
people who habitually expect such leadership from the electronics companies
of Japan.

But leadership in any field is the result of commitment, talent, iming and investment.

The proof of that is in the picture. For more information, call 1-800-752-4752.
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Now you can take it with you/

@ MOTOROLA A World Leader in Electronics.

Quality and productivity through employee participation in management.
©1984 Motorola Inc  Motorola and @ are registered trademarks of Motorola, Inc
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THE AUTHORS

RICHARD P. TURCO, OWEN B.
TOON, THOMAS P. ACKERMAN,
JAMES B. POLLACK and CARL SA-
GAN (“The Climatic Effects of Nuclear
War”) make up a group that has been
collaborating for the past several years
in work on the global effects of nuclear
war. Turco is research scientist and pro-
gram manager at R&D Associates, Inc.
He got a B.S. at Rutgers University in
1965 before earning his Ph.D. in elec-
trical engineering and physics from the
University of Illinois. He is an atmos-
pheric scientist whose work has for the
most part been directed at understand-
ing the delayed consequences of per-
turbing the earth’s atmosphere. Toon,
Ackerman and Pollack are research sci-
entists at the Ames Research Center of
the National Aeronautics and Space Ad-
ministration. All three are interested in
the consequences of injecting particu-
late matter into planetary atmospheres.
Sagan is David Duncan Professor of
Astronomy and Space Sciences at Cor-
nell University. He was educated at the
University of Chicago, where he re-
ceived four degrees: a B.A. (1954), a
B.S. (1955), an M.S. (1956) and a Ph.D.
in astronomy and astrophysics (1960).
He taught at Harvard University be-
fore moving to Cornell, where he is di-
rector of the Laboratory for Planetary
Studies.

GUY OURISSON, PIERRE AL-
BRECHT and MICHEL ROHMER
(“The Microbial Origin of Fossil Fu-
els”) are organic chemists who began to
work together on the subject of their ar-
ticle when all three were at the Univer-
sité Louis Pasteur in Strasbourg. Ouris-
son earned a Ph.D. from Harvard Uni-
versity and a D.Sc. from the University
of Paris before joining the faculty at
Strasbourg; he has been professor of
chemistry since 1958. From 1971 to
1975 he was president of the university.
He has worked on plant biochemistry,
organic geochemistry, microbial bio-
chemistry, sterol conjugates, cytotoxic
sterols and allergenic substances. Al-
brecht and Rohmer did the work that
led to their doctorates under Ourisson’s
direction. After postdoctoral work at
the University of California at Berkeley,
Albrecht returned to Strasbourg as head
of the organic geochemistry group of
the cNRs (the French national research
organization). Rohmer spent a year as
a postdoctoral worker at Stanford Uni-
versity before becoming professor at the
Université de Haute-Alsace.

JOHN S. MATHIS, BLAIR D.
SAVAGE and JOSEPH P. CASSINEL-
LI (“A Superluminous Object in the
Large Cloud of Magellan”) are profes-
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sors of astronomy at the University of
Wisconsin at Madison. Mathis got a B.S.
in physics at the Massachusetts Institute
of Technology and a Ph.D. in astron-
omy from the California Institute of
Technology. He spent two years on the
faculty of Michigan State University be-
fore joining the Wisconsin faculty; he
was made professor in 1968. Savage re-
ceived his B.S. at Cornell University.
His M.A. and his Ph.D. in astronomy
are from Princeton University. After a
year as research associate at Princeton
he moved to Wisconsin in 1968, becom-
ing professor in 1978. Cassinelli had his
undergraduate education at Xavier Uni-
versity before going on to earn his M.S.
in physics at the University of Arizona
and his Ph.D. in astronomy from the
University of Washington. He was re-
search associate at the Joint Institute of
Laboratory Astrophysics for two years
before taking up a job at Wisconsin in
1972; he was made professor in 1981.

TONY HUNTER (“The Proteins of
Oncogenes”) writes: “My interest in bi-
ology stems from an upbringing in a
medical family. I was trained in natural
sciences at the University of Cambridge,
getting both my B.A. and my Ph.D.
there. T was awarded a research fel-
lowship at Christ’s College, Cambridge,
which I held in the department of bio-
chemistry from 1968 to 1971. At the end
of that time I moved to the Salk Insti-
tute in San Diego. I spent two years at
the institute studying the mechanism of
DNA synthesis in animal cells using the
polyoma virus as a model. That was my
first exposure to the workings of tumor
viruses, and with one brief exception I
have been working on RNA and DNA
tumor viruses ever since. I returned to
the Salk Institute in 1975 and was ap-
pointed professor in 1982.”

EDUARDO MATOS MOCTEZU-
MA (“The Great Temple of Tenochti-
tlan”) is general.director of the Centro
de Investigaciones y Estudios Superio-
res en Antropologia Social at Tlalpan in
Mexico. He received his master’s degree
at the Escuela Nacional de Antropolo-
gia e Historia and then did several years
of graduate study at the Universidad
Nacional Auténoma de México. Matos
has done extensive field work on the
pre-Columbian sites of Mexico; the lat-
est excavation done under his supervi-
sion is the subject of his article.

DINA F. MANDOLI and WINS-
LOW R. BRIGGS (“Fiber Optics in
Plants”) have worked together on the
subject of their article. Mandoli is a
postdoctoral fellow in the department
of biochemistry at the Stanford Univer-
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sity School of Medicine. She got her
B.A. in 1976 at Wellesley College and
earned her Ph.D. in biology from Stan-
ford in 1983 for work on photophysiolo-
gy and the discovery of the fiber-optic
properties of plant tissues. Briggs is di-
rector of the Department of Plant Biolo-
gy of the Carnegie Institution of Wash-
ington; the Department of Plant Biology
is on the Stanford campus. His Ph.D. in
biology is from Harvard University. Af-
ter getting his doctorate he joined the
Stanford faculty, eventually becoming
professor of biological sciences. He re-
turned to Harvard as professor of biolo-
gy in 1967 and went to the Carnegie In-
stitution in 1974.

BERTHOLD K. P. HORN and KAT-
SUSHI IKEUCHI (“The Mechanical
Manipulation of Randomly Oriented
Parts”) did the work that forms the basis
of their article when both were at the
Massachusetts Institute of Technology.
Horn, a native of South Africa, writes:
“I received my first degree in electri-
cal engineering at the University of the
Witwatersrand. From there I went to
M.LT., where I have been engaged in
research on robotics almost since the
inception of that subject at the M.I.T.
Atrtificial Intelligence Laboratory in the
late 1960’s. My work has centered on
vision by machines.” Ikeuchi, a native of
Japan, got a bachelor’s degree in 1973 at
Kyoto University and went on to earn
his master’s degree (1975) and his doc-
torate in information engineering (1978)
from the University of Tokyo. He came
to the U.S. and spent two years at the
A.lL Laboratory at M.I.T. before return-
ing to Japan in 1980.

PETER B. STACEY and WALTER
D. KOENIG (“Cooperative Breeding in
the Acorn Woodpecker”) are zoologists
who are independently doing long-term
studies of the social system of the acorn
woodpecker. Stacey got his B.A. at Mid-
dlebury College. His M.A. and Ph.D.
are from the University of Colorado at
Boulder. After two years of postdoctor-
al study at the University of Chicago he
took up his current job as assistant pro-
fessor of life sciences at Indiana State
University. Koenig writes: “In college 1
quickly abandoned my early desire to be
an astronomer and began pursuing an
interest in natural history. This led to
my getting a Ph.D. from the University
of California at Berkeley. For my dis-
sertation I decided to continue an ongo-
ing project on the acorn woodpecker at
the Hastings Natural History Reserva-
tion of the Museum of Vertebrate Zo-
ology, which is in the Upper Carmel
Valley. After obtaining my doctorate I
taught at Occidental College for a year
and then returned to Hastings in 1982 as
assistant research zoologist and adjunct
assistant professor of zoology at the
University of California at Berkeley.”



‘dBASE IT helps

keep us on our toes.”

Robert Hubert
Marketing Director
The Boston Ballet

“The Boston Ballet was a
company in search of a com-
puter when I joined the organi-
zation earlier this year. And,
after discovering that a large
computer system was being
considered, I urged a smaller,
more sensible first step.

“Since almost no one at
The Boston Ballet had any pre-
vious computer experience, I
strongly recommended the
purchase of a microcomputer and dBASE II.

“dBASE II, the relational database manage-
ment system from Ashton-Tate, would give the
people in the Company the time and the opportu-
nity to get used to computing before bringing in a
larger, more expensive system later on.

“dBASE Il is a command-driven, highly flexi-
ble system that can be used for a great variety of
applications ranging from very simple to highly
complex.”

A premier performer from Day One.

“dBASE Il manages our extensive season sub-
scriber mailings; keeps track of all our advertising
insertions, costs and efficiency; and makes pro-
ject time management asnap. We are now making
plans to use dBASE Il in handling the special pro-
motions and manpower analyses critical to our
day-to-day management.

“dBASE Il made an immediate and sizeable
impact on the efficiency of our operation.”

The real kicker.

“Recently, we hired a custom systems house
to develop a long-range computer program for
The Boston Ballet. Without prejudice, they came
back and said the new system should be based on
dBASE 11

dBASE II can provide you with virtuoso per-
formance, regardless of your application.

For more about dBASEII, contact Ashton-Tate
today. 10150 West Jefferson Boulevard, Culver City,
CA90230. (800)437-4329, ext. 217 . In Colorado
(303) 799-4900. In the U.K. (0908) 568866.

ASHTON-TATE

dBASE II i a registered trademark of AshtonTate.
Suggested retail price for dBASE II is $700.
© AshtonTate 1984
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ADD LIFTTO LET
AHUGEPLANELAND +\
ON APOSTAGE STAMP. |

Since most large planes need a lot of room
to touch down and come to a stop, they
can't always land where they want to.

But we've developed a way for very big
planes to land on very short runways.

The plane’s engine exhaust is blown across
special titanium wing flaps to create added
lift at low speeds. And that allows large
airplanes to approach at steeper angles
and make more precise touchdowns.

This revolutionary technology, seen on
this aerodynamic test model, will let the
McDonnell Douglas C-17 deliver large
equipment virtually anywhere. It will be }
able to fly from the United States directly P
to more than 10,000 runways around 4
the world.

We're creating breakthroughs not only in
aviation but also in health care, automated
factories and information systems.

We're McDonnell Douglas.
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Number One Warranty.

Epson’ printers last longer. So we back them longer.

Every Epson printer sold in the US. is
backed for one full year on parts and
labor. That's four times longer than
the “average” printer warranty.
That's also why we call it the
Number One Waranty.
Taking care of No. 1.
Epson makes the best-selling print-
ers for personal computers in the
world. Part of the reason is a reliabil-
ity rate approaching 100%, and still
climbing.
And in the unlikely event that

you ever do need service, it is com-
forting to know that there are more
than a thousand Epson Service Cen-
ters from coast to coast,

It's also comforting to know that
the most you can pay for in the first
year are ribbons and paper.

Why are we so generous?

Every single Epson component must
meet rigid quality control standards
before assembly. And every finished
printer is extensively tested before it
leaves the factory.

]"ot'.:;
g! i

So frankly, we don't anticipate
you'll have any trouble.
A logical conclusion.
If you want a printer that works and
keeps on working, year after year
after year. you want an Epson.

Number one. And built like it.

EPSON

EPSON AMERICA, INC.

2780 Lomita Boulevard, Torrance, CA 90505 « Call (800) 421-5426 for the Epson dealer in your area, In California call (213) 539-9140.

EPSON s 2 registered trademark of Epson Corpotation
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COMPUTE

RECREATIONS

A computer trap for the busy beaver,

the hardest-working Turing machine

by A. K. Dewdney

‘)i rith the possible exception of
bees, beavers are the busiest
animals alive. All day they ply

quiet northern waters bringing twigs and

branches to their dam. It was undoubt-
edly this behavior that led Tibor Rado
of Ohio State University to name a cer-
tain Turing-machine problem the Busy

Beaver Game. In the early 1960’s Rado

wondered how many 1’s a Turing ma-

chine could be made to print before it
halted. Specifically, if a Turing machine

with n possible states begins work on a

tape filled with 0’s, what is the largest

number of 1’s it can print on the tape
before coming to a stop? The answer is
knownforn=1,n=2,n=3andn=14

but not for n = 5 or for any value of n

greater than 5.

Last year a contest was held in Dort-
mund, West Germany, to see who could
discover the busiest beaver with five
states. In the year preceding the contest,
programs were written to generate can-
didate Turing machines, and hardware
was developed to test the machines.
In the course of this work a number of
strangely behaved beavers were discov-
ered, and the genus Castor had to be ex-
panded to include several species hither-
to unknown to zoologists.

he nature of the Turing machine and

its place in computer science have
recently been discussed in these pages
by John E. Hopcroft of Cornell Univer-
sity [see “Turing Machines,” SCIENTIF-
IC AMERICAN, May]. A Turing machine
consists of an infinite tape, a head for
reading and writing symbols on the tape
and a control unit with a finite num-
ber of internal states [see top illustration
on next page]. These components can be
thought of as the hardware part of the
device, whereas the contents of the con-
trol unit are the software—the Turing-
machine program. It is the program that
distinguishes one Turing machine from
another. The program is a table the
machine consults to determine what
action to take next. For each possible
state of the control unit and for each
possible symbol at the current position

of the tape head an entry in the table
tells the machine what symbol to print
on the tape, in which direction to move
the head and what state to enter next.
All the Turing machines discussed here
begin in state 1.

The actions of a Turing machine can
be traced by writing down the state of
the control unit and the symbols marked
on the tape (or a region of it) at succes-
sive moments; one should also indicate
which square of the tape is currently be-
ing scanned. The bottom illustration on
the next page is a trace of the Turing
machine shown above it. Each line in
the sequence is an ‘“instantaneous de-
scription” of the machine. The format
of the description is different from Hop-
croft’s, but the information is the same. I
have also made the tape infinite in both
directions, and I have allowed a sym-
bol to be printed in the course of the
machine’s final transition (as it enters
the halted state), contrary to the con-
ventions adopted in Hopcroft’s article.
These differences do not change what a
Turing machine can or cannot do. The
format chosen here for the instanta-
neous description is compatible with
the one used in the busy-beaver contest.

A busy beaver with n states is an n-
state Turing machine that meets two
conditions. First, when it is started on a
tape filled with 0’s, it eventually halts;
second, it writes at least as many 1’s
as any other n-state machine that halts.
Busy beavers with one and three states
are shown in the top illustration on page
21. Each Turing machine is represented
by a state-transition diagram, in which
a state is a numbered circle and a tran-
sition between states is an arrow. The
labels on the arrows describe the action
of the Turing machine. For example,
suppose the three-state busy beaver is
in state 1 and it reads a 0 on the tape.
The arrow followed under these circum-
stances is labeled “0,1,R” and leads to
state 2. Hence the machine, having read
a 0, writes a 1 on the tape, moves the
head one square to the right and enters
state 2.

The maximum number of 1’s that can
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be produced by an n-state Turing ma-
chine that halts is denoted =(n). As is
indicated above, the value of Z(n) is
known only for the first four values of n.
The one-state busy beaver writes a sin-
gle 1 before it halts; in other words, (1)
is equal to 1. A two-state busy beaver
produces a sequence of four 1’'s. Can
readers devise such a machine? A three-
state busy beaver writes six 1’s; one
three-state beaver is the machine whose
program and sequence of instantaneous
descriptions are shown in the illustra-
tions on the next page and whose state-
transition diagram is given in the top
illustration on page 21. The three-state
beaver was discovered in 1962 by Rado
and by Shen Lin of AT&T Bell Lab-
oratories. In 1973 Bruno Weimann of
the University of Bonn found a four-
state busy beaver, whose output consists
of 13 consecutive 1’s. Since then theo-
rists have been searching for a five-state
busy beaver.

he busy-beaver contest was orga-

nized by Frank Wankmuller and
held in January, 1983, at the University
of Dortmund during a conference on
theoretical computer science. Some 133
five-state Turing machines were entered.
Uwe Schult of Hamburg won with a ma-
chine that produced 501 1’s before halt-
ing. The state-transition diagram of the
winning machine is shown in the bot-
tom illustration on page 21. The runner-
up was Jochen Ludewig of the Brown
Boveri Research Center in Baden,
whose Turing machine printed 240 1I’s.

Is Schult’s Turing machine a busy
beaver? Schult, along with Wankmuller
and Ludewig, conjectures that it is. In
other words, he suspects that no Turing
machine with five states can produce
more than 501 1’s before halting. How
could such a claim be proved? The an-
swer lies in exhaustive search by com-
puter, a search of the kind that Schult
used to find his champion Turing ma-
chine in the first place. Before describing
Schult’s attempt to trap the five-state
busy beaver in his computer, I should
like to take a closer look at the function
3(n) to get some insight into why the
Busy Beaver Game is so hard to play,
even with the aid of a computer.

The function 2(n) has an extraordi-
nary property: it is not computable. It
simply grows too fast. From the first
four values of Z(n)—namely 1, 4, 6
and 13—it might seem that the rate of
growth is only moderate. If 501 is in-
deed the maximum number of 1’s for a
five-state machine, the increase in 2(n)
would still appear to be no faster than
that of an exponential function. Schult
has found a six-state Turing machine
that produces 2,075 1’s, which again
suggests a quite tractable rate of growth.
On the other hand, Schult has also found
a 12-state machine that generates so
many 1’s that the number must be ex-
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A Turing machine and its program

STATE TAPE
1 0 0 0 0 0o o 0 0 0
2 0 0 0 0 1 0 0 0 0
1 0 0 0 0 1 1 0 0 0
3 0 0 0 0 1 1— 0 0 0
2 0 0 0 1 1 1 0 0 0
1 ~0 0 ] —l__ T 1 1 1 0] 0 0
2 0 1 1 1 1 1 0 0 _ 0
2 0 1 1 1 1 1 0 0 0
2 0 1 1 1 1 1 0 0 1]
2 0 1 1 1 1 : 1 0 0 0
2 0 1 1 1 1 1 | 0 0 0

|

1 0 1 1 1 1 1 1 0 0
3 0 1 1 1 1 1 1 0 0

HALT 0 1 1 1 1 1 1 1 0 0

“Instantaneous descriptions” trace the operation of the Turing machine
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pressed by the following mind-boggling
formula:

4
4096

4096
4096
6 X 4096

The number 4,096 appears 166 times in
the formula, 162 times in the “twilight
zone” represented by the three dots. The
formula can be evaluated from the top
down: first raise 4,096 to the fourth pow-
er, then raise 4,096 to the power of the
resulting number, then raise 4,096 to the
power of that number, and so on. When
you reach the bottom, multiply by 6.

Anyone whose mind does not boggle
when confronted by a string of 1’s that
long is welcome to construct an even
bigger number. Write down any formu-
la you like in which numbers are mul-
tiplied or raised to a power; you may
even replace any of the numbers with n.
No matter what formula you devise, for
some value of # that is large enough the
n-state busy beaver will produce more
1I’s than the formula specifies. It follows
that =(n) cannot be calculated for arbi-
trarily large values of n. The best one
can do is to calculate =(n) for some
small, fixed value of n.

It is hardly surprising that the Busy
Beaver Game is most often played
with the aid of a computer. The essential
method is to examine systematically all
Turing machines with » states. Each
time a new machine is generated its be-
havior on a tape filled with 0’s is sim-
ulated. If the machine halts after no
more than a specified number of steps,
the number of 1’s it printed is com-
pared with the score of the “busiest” Tu-
ring machine found so far. From time
to time a new champion is discovered.

This method of searching for the n-
state busy beaver has two major flaws.
First, the number of Turing machines to
be generated is immense; for example,
there are 63,403,380,965,376 five-state
machines. Second, it is not known how
long one should wait for a machine to
halt; the maximum number of tran-
sitions an n-state machine can undergo
(and still eventually halt), a function de-
noted s(n), is itself a noncomputable
number. Obviously s(n) grows even fast-
er than 2(n), since a Turing machine
must make a state transition each time
it prints a 1. As Hopcroft pointed out,
computing s(n) is equivalent to solv-
ing the halting problem for Turing ma-
chines, one of the first problems shown
by Turing to be undecidable.

In 1982 Schult converted his Apple I1
personal computer into a busy-beaver
trap. He augmented the computer’s
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original central processor with a circuit
board bearing a Motorola 6809 micro-
processor; he wrote his search program
in the machine language of the auxiliary
processor. To test the vast numbers of
Turing machines generated by the pro-
gram Schult built an actual hardware
Turing machine out of standard elec-
tronic components mounted on another
circuit board that plugs into the Apple
II. The device provides a simulated tape
of 4,096 squares as well as registers for
storing the program and the current
state and head position of the Turing
machine. Schult estimates that without
such specialized hardware his search
would have taken 20 months of com-
puter time. Even with the hardware ex-
tensions the Apple II took 803 hours to
find the winning Turing machine.

In designing the necessary software
Schult also gained by making the search
program and the Turing-machine hard-
ware interact closely. The program sys-
tematically filled in the transition table
for a five-state Turing machine in all
possible ways. Even before a table was
completed it was submitted to the Tu-
ring-machine hardware for testing. In
many cases an incomplete table was
found to specify a machine that ran out
of time or space before any of the unde-
fined entries was reached. Thus the in-

Busy beavers with one state and three states

complete table and all possible comple-
tions of it could be rejected.

Although Schult in large measure
overcame the problem of managing
multitudes of Turing machines, his ap-
proach to the halting problem for five-
state busy beavers is not watertight, so
to speak. In the absence of exact infor-
mation about s(5)—the maximum num-
ber of transitions a five-state halting
Turing machine can make—the number
must be guessed. Schult set the limit at
500,000 transitions; in other words, he
adopted the working hypothesis that if a
machine had not stopped after 500,000
transitions, it never would. Of necessity
he also imposed space limitations on his
candidate busy beavers; since the simu-
lated tape had only 4,096 squares and
since his Turing machines always start-
ed at the middle of this finite tape, a
candidate was considered a “runner” if
it moved more than 2,048 squares from
its initial position. A runner is a Turing
machine that not only fails to halt but
also continues indefinitely to visit new
tape squares.

f the 133 Turing machines entered

in the Dortmund contest, only four
produced more than 100 1’s. The opera-
tion of each Turing machine was simu-
lated with a Siemens 7.748 computer.

0,R

Uwe Schult’s candidate for a five-state busy beaver
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More than an hour of processor time was
needed to determine the winner.

Ludewig, the runner-up, wrote his
busy-beaver search program in the Pas-
cal programming language and ran it on
a large minicomputer, the vax, made by
the Digital Equipment Corporation. In
spite of a more sophisticated analysis of
candidate Turing machines, 1,647 hours
of central-processor time were spent in
discovering his entry—the Turing ma-
chine that produced 240 1’s. Schult, not
surprisingly, also found Ludewig’s ma-
chine; of equal interest, he found no ma-
chines between Ludewig’s and his own.
Apparently any halting five-state Turing
machine that prints more than 240 1’s
must print at least 501.

Ludewig, in the course of his investi-
gations, discovered a number of strange
Turing machines with beaverlike behav-
ior. Besides printing 1’s there are other
ways for a beaver to keep busy. For
example, without printing many 1I's a
Turing machine may move a considera-
ble distance from its starting square and
then halt. Alternatively, without print-
ing many 1’s or even moving very far, it
may go through a great many transitions
before it halts. Among the machines
tested at Dortmund, Schult’s won in
all three categories. On the other hand,
Ludewig discovered three beavers that
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generate no 1’s at all but nonetheless
either explore a wide territory or waste
much time in profitless activity [see il-
lustration below]. Accordingly three new
species of beaver have been named:
Castor ministerialis (common name,
civil-servant beaver). This enterprising
creature seeks to advance itself as far
as possible without producing anything.

CASTOR MINISTERIALIS

CASTOR SCIENTIFICUS

CASTOR CIRCUITUS
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The type specimen is a five-state bea-
ver that produces no 1’s and moves 11
squares from its starting position.
Castor scientificus (common name, sci-
entist beaver). Again without actually
producing anything, this animal seeks
to maximize its total activity, perhaps
in an effort to attract grants. A five-
state member of the species has been

\OR
\‘\_ 1.R \-.\
\ T
- 1R \ ey - 0
._‘& \ 0 /\,.1 ——

O
4]
()
\__/

o,L

observed to make 187 transitions with-
out writing a single 1.

Castor circuitus (common name, diz-
zy beaver). The dizzy beaver produces
nothing and goes nowhere, but in the
process it generates a maximum amount
of activity. As the state-transition dia-
gram suggests, it tends to spend a lot
of time spinning its wheels. The busiest
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Three new species of beaver that after much activity leave no 1’s on the tape
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five-state specimen found so far under-
goes 67 transitions before it finally halts
exactly where it started.

t would be interesting to see some

three-state examples of these odd
beavers. Any attempt to find them
would certainly benefit from the use of a
computer (personal or otherwise), even
if only to test Turing-machine programs
devised in one’s mind.

A Turing-machine simulator is easy
to write. Use a one-dimensional array to
represent the tape; the contents of the
array, which consist exclusively of 0’s
and 1’s, can be shown on the computer’s
display screen. The display is most in-
formative if the position of the head is
indicated. For example, the machine’s
current state might be displayed directly
below the symbol being scanned.

A two-dimensional array is needed to
represent the Turing-machine program.
Each element of the array is a set of
instructions for the machine; instruc-
tions must be provided for each state of
the control unit and for each possible
tape symbol. For a three-state Turing
machine the array has three rows and
two columns; its structure is exactly that
of the program shown in the top illustra-
tion on page 20. The state of the ma-
chine specifies a row in the array, and
the symbol under the tape head speci-
fies a column; the instructions found at
the intersection of the designated row
and column define the Turing machine’s
next action.

Suppose the machine is in state 1 and
the symbol on the tape is a 0. Consulting
row 1 and column O of the array, the
simulator finds the instructions “1,R,2.”
Hence the machine is to write a 1 on the
tape, move the head to the right one
square and enter state 2. One way of
implementing such instructions is to de-
fine three variables, say STATE, HEAD
and sYMBOL. At the beginning of a cycle
the values of STATE and symBoL deter-
mine where in the table the machine
looks for its next instructions. The first
component of the instruction found
there (in this case a 1) is written on the
tape; the second component (R) be-
comes the new value of HEAD, and the
third component (2) becomes the value
of STATE. The head is then moved (in
the direction indicated by the value of
HEAD) and the symbol found at the new
position is made the value of symMBoOL.
The cycle then begins anew.

Various strategies can be adopted to
make the programming of such a
scheme easier and more efficient. For
example, the letters L and R can be re-
placed by numbers, which are generally
easier to manipulate in the computer.
Moreover, the transition that leads to
the halted state demands special treat-
ment in the program.

A Turing-machine simulator could be
used to test your answers to the follow-

ing little puzzles, but it is by no means
necessary to their solution.

Imagine you have bought a supply of
used Turing-machine tapes at your lo-
cal computer store. Before turning your
busy beaver loose on them, the tapes
must be cleaned up: any 1’s on them
must be changed back to 0’s. Instead of
cleaning the tapes yourself, you decide
to devise a simple Turing machine to do
the job for you.

One of the tapes has a single 1 on it
but is otherwise filled with 0’s. You must
create a Turing machine that finds the 1,
erases it (by changingittoa 0) and then
halts. Naturally the fewer states your
tape-cleaning machine has, the more el-
egant it will be. The tape cleaner in the
illustration on this page is extremely el-
egant. Unfortunately it only works half
of the time!

The remaining tapes are just like the
first one except they have more 1’s on
them, although in each case the number
of 1’s is known to be finite. Can you
construct a tape cleaner that changes all
the 1’s back to 0’s? Of course, it will
never halt.

Responses to the May column on Core
War ranged from simple requests
for the supplementary guidelines on the
game to descriptions of complete Core
War systems already in operation. In be-
tween were numerous anecdotes about
Creeper-like programs inhabiting real
systems (including worms in Apples),
discussions of programs as genes and
speculations about defensive and offen-
sive strategy. Only a few important de-
velopments can be mentioned here; oth-
ers will have to wait for a future column
on the subject, which I hope will appear
before the end of the year.

I have been told by Douglas B. Mcll-
roy of AT&T Bell Laboratories that it
was not he but Victor A. Vyssotsky of
the same institution who invented the
game Darwin. Mcllroy did, however, in-
vent an unkillable organism.

What happens when an Imp runs into
a Dwarf? One possibility was explained
in the May column: Dwarf transfers
control to Imp’s code and becomes a
second Imp endlessly chasing the first
one. Another possible outcome has the
opposite effect. Suppose Dwarf has just
jumped back to its first instruction when
Imp copies itself over Dwarf’s data loca-
tion. The situation is then as follows:

Imp—>MOV 0 1
Dwarf > ADD #5 -1
MOV #0 @—2

JMP -2

Since it is Dwarf’s turn to execute, it
adds 5 to Imp’s code, turning it into
MOV 0 6. Then Imp executes, copy-
ing itself six spaces ahead, well clear of
Dwarf, which then bombs its next ad-
dress (specified by the numerical code
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A tape-cleaning machine

corresponding to MOV 0 6). On Imp’s
next turn something curious happens: it
executes the first line of Dwarf’s pro-
gram, so that for a time the game is
played by a “double dwarf > pointlessly
shooting up the core array while the ob-
ject of its attack inhabits its own body
and does exactly the same thing!

David Menconi of Milpitas, Calif., a
game designer at Atari, Inc., has sug-
gested making this very phenomenon a
regular feature of Core War by allowing
each battle program to execute in two
places at once. Thus even if a program
loses one “self,” a second self might be
able torepair the damage. Edsel Worrell
of Bethesda, Md., suggests the some-
what more general scheme of n selves,
all executing the same program at differ-
ent addresses.

Robert Peraino of George Mason
University wrote a Core War system for
the Apple II+ computer, compensating
for the machine’s small word size by us-
ing a two-dimensional array of 2,000 by
two bytes. Bill Dornfield of AMF, Inc.,
wrote a complete Core War system in
extended BAsiCc on a Hewlett-Packard
9816/26 desktop computer.

The most impressive system to date
was constructed by three graduate stu-
dents: Gordon J. Goetsch and Michael
L. Mauldin of Carnegie-Mellon Uni-
versity and Paul G. Milazzo of Rice
University. Mauldin demonstrated the
program on a VAX computer in my de-
partment at the University of Western
Ontario. In an impressive screen dis-
play the entire core array is shown, with
the position of each contending pro-
gram marked by a capital letter and the
areas affected by the program marked
by the corresponding lowercase letter.

Mauldin has invented a battle pro-
gram called Mortar that operates like
Dwarf except that its bombs are direct-
ed according to the sequence of Fibo-
nacci numbers (1, 1, 2, 3, 5 and so on,
each number being the sum of its two
predecessors). Oddly enough, Dwarf
beats Mortar 60 percent of the time, but
Mortar invariably kills a three-part self-
repairing program called Voter. On the
other hand, Voter survives attacks by
Dwarf and regularly defeats it.

Goetsch, Mauldin and Milazzo have
analyzed Mortar and conclude that if a
battle program is longer than 10 instruc-
tions, it must be self-repairing in order
to defeat Mortar. No program longer
than 141 instructions, however, can re-
pair itself fast enough to survive an at-
tack by Mortar.
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BOOKS

The rain forest, Darwin’s orchids, textile

machinery, Harappans, diverse climates

by Philip Morrison

TROPICAL NATURE, by Adrian For-
syth and Kenneth Miyata. Illus-
trations by Sarah Landry. Charles
Scribner’s Sons ($16.95). THE VARIOUS
CONTRIVANCES BY WHICH ORCHIDS ARE
FERTILISED BY INSECTS, by Charles
Darwin. University of Chicago Press
($9.95). Our northern forest floor is car-
peted for a footsore hiker: soft deep
loams fragrant with humus and springy
duff under the trees feel easy underfoot.
In the tropical rain forest, where winter
never comes, walking is harder. There
the litter is thin, typically a couple of
inches in typical forests; decay is simply
too swift under year-long steady moist
incubation. A single good scrape of the
boot will disclose the pallid mat of fun-
gal mycelia that dwell in the soil, a lowly
root symbiont of the towering trees. The
heavy leaching at the rain-drenched sur-
face would carry away all the soluble
minerals if that mat did not catch and
recycle key ions.

Those mycorrhizal associations live a
fast biochemical life. As in an automo-
bile plant in Japan, the steady state of
production maintains a frugal invento-
ry: things are used right away. Even the
lush green canopy above, where the so-
lar input is made, is not quantitatively as
rich a store as it is in the boreal forest by
summer. But it is in those leaves on high,
and most of all in the great support-
ing cellulose cylinders of the tree stems,
whether erect or new-fallen, that the
main stores reside, the essential atoms
and the light-derived chemical free en-
ergy for all the life of the forest.

“Consider the sloth of the sloth,”
write the authors of Tropical Nature, the
first of these two books. That proverbial
beast is genuinely lethargic; its metabo-
lism runs at about half the norm for
mammals of its size. It is a slow, steady
grazer on tree leaves. Herbivores of the
forest understory are rare; grass and
herbs do not grow in that deep shade. A
sloth ranges little; over months one indi-
vidual may feed within only a few dozen
big trees. A sloth prudently avoids the
ground, where most carnivores prowl.
In its leafy canopy it is hard to see; its
fur is camouflaged, greened by algal
growth. Its fecal pellets are small, hard
and infrequent, as befits an animal that
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must live high overhead where water is
hard to come by. Yet it does not drop
the pellets “the easy way” from above.
No, the beast laboriously descends each
week from its high tree, pokes a hole in
the ground at the base of the tree with
its stubby tail and carefully buries its
scat. The howler monkeys, which range
far in the same forests and browse on
many of the same leaves, defecate freely
from the treetops. The agile monkeys
also venture most reluctantly to the
ground, even though the watchful eyes
of the entire howler band are at the serv-
ice of any single member. The solitary
sloth has no sentinels.

Why? It turns out that a sloth not only
dwells within a small set of trees but also
spends disproportionate amounts of
time grazing in a single tree. One or two
sloths in a tree can take as much as a
fifth of the annual product of that tree in
the course of their deliberate grazing. If
they dropped their pellets from 100 feet
up, it is easy to believe the stuff would
scatter widely as it fell through the vines
and branches below. The single sustain-
ing tree could not much benefit from
the recycling of the sloth’s nutrient. The
sloth’s feces may return about half of
the nutrient to the tree roots. It is a
long-term investment by the sloth tribe
through a risky and exacting husbandry
of the resource, one that is less impor-
tant to the wide-ranging howler mon-
key. The scenario is untested, but the
authors “like to believe that in the ardu-
ous, dangerous descent of the sloth there
is a metaphor.”

We who saunter in parks and gardens
notice easily that plants protect them-
selves against animals that eat them
by visible structures such as spines and
thorns. Animals that live by gathering,
from our sapient ancestors to Baird’s
tapir, the largest herbivore in the New
World Tropics, learn well that the chief
defenses stoutly erected by plants are
molecular. Hallucinogens are the in-
novations not of “clandestine Berkeley
chemists” but of fungi and plants seek-
ing cheap ways of discouraging small
mammalian herbivores. If 13 seeds of a
morning glory can cause wild hallucina-
tions in a man with a body weight of 70
kilograms, consider what a single seed
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is apt to do to a mouse with the same
neurochemistry.

But the powerful alkaloids are expen-
sive for plants, particularly in the ni-
trogen-short Tropics. A plant that col-
onizes the neighborhood of tree falls,
where for a few years sunlight reaches
the ground, may sacrifice chemical de-
fenses for fast growth. It has no time
to spare. A balsa tree will grow rapidly
toward a gap in the canopy, its leaves
pocked with insect-chewed holes, four-
tenths of the leaf area gone.

The tapestry of the forest bears such
an intricate design that plant-animal in-
teraction can on occasion reverse the
chemical conflict. A striking example
is the relation between certain colorful
bees and fragrant orchids. Male orchid
bees visit and pollinate a variety of or-
chids, but these nonsocial bees have no
use for the pollen they carry away and
the flowers offer them no nutrient nec-
tar. To summon the bee species the flow-
ers manufacture a mix of fragrances,
often rather simple aromatic chemi-
cals. The bees build up a store of varied
scents kept in specialized leg pockets.
Once the mix is right, the perfumer be-
comes irresistible. He does not, how-
ever, attract the wanted female, as they
might have planned it in Paris. No,
the sweet-smelling bee gathers a small
crowd of males of his species, which
buzz and flitter around their beau. Then
in some favorable spot of sunlight the
bright, dancing aggregation draws from
far around those orchid-bee females for
which the entire elaborate scheme has
coadaptively come to be.

In 17 chapters, each a brief essay
on tropical nature observed, these two
young field biologists have made a
model of contemporary natural histo-
ry, cheerfully speculative, concerned as
much with large pattern as with diver-
sity, chemically informed, thoroughly
ecological and Darwinian to the core.
Most of the chapters were not jointly
written, but their book is nonetheless a
whole. They have for a dozen years vis-
ited one of “the most complex biolog-
ical communities that exist,” the neo-
tropical rain forest, particularly in Cos-
ta Rica and in Amazonian Ecuador. The
book is based on what they saw and tast-
ed and heard there, although it is by no
means only a journal. They know and
call on the relevant specialized litera-
ture of today and yesterday, although
never technically, but the work is not a
textbook either. Its epigraphs are drawn
from pop songs as well as from William
Blake; the style is of our years, although
the authors warmly praise and well em-
ploy their great Victorian predecessors.

The larger issues, like the reasons for
the tropical diversity they celebrate, are
examined, but large answers will remain
tentative until that living fabric is more
intimately known. Each chapter opens
with a handsome drawing of some or-
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ganism from the chapter text. The au-
thors supply an appendix for the be-
ginner, with knowing advice on how to
make your own trip to these remarkable
forests, from the choice of tours to toilet
paper (always travel with a roll) and
clothing (do not bring much). It is sad to
learn that Kenneth Miyata drowned last
fallin a rapid of the Big Horn River, the
galley proofs of this fine book unseen on
his desk at home.

The paperback reissue of Darwin’s
first published book after his Origin (the
reprint is actually that of the second edi-
tion of 1877) brings the reader to the
same kind of detailed example, to repeat
the title: the various contrivances by
which orchids are fertilized by insects.
The argument is founded on evolution-
ary inference, drawn mainly from ho-
mology and observed function, and test-
ed experimentally. We see it here as it
looked in the vigorous youth of evolu-
tionary science. The contesting expla-
nations of the day seem frivolous: “to
complete the scheme of nature,” say.
Darwin’s work, pushing a flower hinge
with a fingertip or some dangling fila-
ment with a human hair, or placing
small bees within a flower cavity to
watch their escape, is entirely different.
There are no appeals to final causes
or ideal schemes, only, as Michael T.
Ghiselin writes in his foreword, “recon-
structed history and laws of nature.”

Asinall historiography, successful re-
constructions are tentative but wonder-
fully fruitful. It was Darwin who first
found those remarkable devices of the
orchid. Contrivances is an apt term, al-
though it may have had a certain allu-
sive irony for those who first saw the
title. One orchid manages to paste a pol-
len mass onto the right part of the right
bee, to be removed by a well-placed
sticky cleft when the bee in time visits
the right female flower. So different
are the male and female blossoms of
the orchid genus Catasetum, intricately
formed to carry out the vital implan-
tation and removal, that they were re-
garded as distinct genera until they were
found growing on a single plant. The
question Darwin puts, as do his power-
ful modern colleagues, is always: What
can have happened to bring about the
state we uncover by a close look?

ONTEMPORARY TEXTILE ENGINEER-
ING, edited by F. Happey. Academ-

ic Press ($74). The historical incubator
of the factory system and then of power-
driven machinery, particularly the tran-
sition from millpond to steam, the tex-
tile industry is still a part of daily life
in every land, even where no machines
whir at all. Each year the worldwide
production of fabric weighs about as
much as that of automobiles. The tech-
nology is little known, however, out-
side the circles of the industry itself; the
casual reader knows about new fibers,
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of course, but otherwise the ubiquitous
output of the industry seems not much
different from that of the days of the
spinning jenny and the mule.

That impression is not entirely mis-
taken; in this industry, unlike, say,
the chemical or the automobile industry,
change is seen less in the product than
in the fabrication. A hand-spun, hand-
woven, cotton cloth functions as well as
(perhaps better than, allowing for the
aesthetic dimension) the output of the
newest automated mills, albeit at a high
cost. The spinning wheel improved on
the productivity of the dangling spindle
of the skillful spinster by a factor of
four, and power spinning with the ma-
chines of the early 19th century made an
eightfold gain on top of that. Modern
techniques have inserted a factor of sev-
eral hundred more, of course at heavy
capital cost for machines that can spin
delicate fibers onto 100 spindles whirl-
ing 100,000 revolutions per minute.

This book will alert the general reader
to an unexpected world of engineering
virtuosity, a domain where fundamen-
tal limits to mechanism and motion are
steadily approached under heavy eco-
nomic pressure. Topology is at home
there along with dynamics, and fine
mechanisms abound. The volume offers
a dozen chapters or so by as many ex-
perts, mostly British, but including au-
thors from the U.S., Switzerland and
Australia. Each chapter reviews the
state of the art in some important subdi-
vision of the industry and summarizes
recent developments in theory and prac-
tice. Any technology so mature is bound
to have its jargon, and this one can
have pride of ancient usage; otherwise
the chapters are clear and information-
rich. The authors intended to serve en-
gineers, technicians and scientists in or
around the textile trade; others will
have to be nimble in using context to
understand words of art, such as slivers,
pirns and doffers.

The book is above all a book of
marvelous and daring mechanisms; it
does not much enter the world of molec-
ular technology, for producing fiber and
adding color. Take it that a large quanti-
ty of short lengths of some fiber is given
to you; the engineer’s task is the swift
increase of dimensionality, first spinning
those quasi-points into a strong linear
thread and then weaving many of those
long lines into a two-dimensional web.
In this volume is a view of how that can
be done on a large scale today, and per-
haps tomorrow.

By the middle of the 20th century the
spinning jenny and the mule were gone
or were found only in specialized habi-
tats. All over the world cotton thread is
spun by ring spinning, “the established
order,” some 150 million spindles at
work daily, an enormous capital invest-
ment, nearly half of it in Asia. More
than half of the cost of turning fiber
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into yarn is absorbed in spinning alone.
Speed is limited by the brute fact that
the continuous strand must be taken up
(or removed) from some rotating pack-
age if the indispensable twist is to be set
into the fast-thinning yarn.

In the ring spinner the yarn is twisted
as it passes over a smooth, circular ring
around and around which the central
rotating spindle drags a light traveler
along with the yarn. The speed of the
fragile yarn is limited by friction and air
drag. The radius of the take-up spindle
must be kept small to reduce centrifugal
tension on the delicate fiber. A speed
increase by a factor of a few has been
coaxed out of this system by good engi-
neering since its early Victorian begin-
nings; modern ring spindles, driven by
variable-speed electric motors, run at
10,000 or 15,000 r.p.m. Their low-radi-
us spindles can pick up, however, only a
few ounces of yarn; elongated spindles
raise more difficulties than they cure.

There is an ingenious way out, long
suggested, first developed into a practi-
cal rotor machine by Czech engineers in
about 1970 and now found in many var-
iants. A couple of million rotors go into
service each year, every one the produc-
tive equivalent of several ring spindles.
In the rotor spinner the Gordian thread
is cut. The flux of fibers is reduced by a
very high rate of flow to the thickness of
only a few fibers. Indeed, the probability
of zero fibers is quite high. Allowing
for such breaks in continuity means that
neither the fiber supply nor the take-up
package needs to rotate rapidly, even
though fiber is twisted at a high rate.
Airflow drags fibers a few at a time into
the fast-spinning rotor, where many fi-
bersare twisted together and taken up at
modest speed and low force.

A high-speed photograph of the yarn
as it forms within a transparent rotor
shows the process. Matter is conserved;
like flowing water, the fibers must move
fast when they are few but can slow
down as the thread thickens. The fiber
count drops by a factor of 10,000 before
the fiber enters the rotor, and it increases
there by a factor of 100 or so; then the
fiber is stored as yarn, condensed by a
factor of 100 from the feed of sliver:
loosely wound cotton staple. Along the
way the thread receives a useful twist of,
say, one turn per millimeter.

Weaving too is increasingly done on a
new generation of high-speed automatic
machines. The swift shuttle carries the
weft thread to and fro, interlacing it with
the selected set of stationary or slow-
moving warp threads, the shed. In the
ancient hand loom the weaver might in-
sert 12 meters of new weft per minute;
the power looms of 1785 increased that
by 25 or 30 times for each machine, and
a weaver could tend half a dozen looms,
his or her work being mainly the refill
of the shuttle and the repair of bro-
ken threads. J. H. Northrop’s automatic



shuttle loom ended 90 years ago the
loom tender’s heaviest task, reshuttling,
so that one person could tend dozens
of looms, mainly for patrol and repair.

A transition is under way. The world
weaves most of its cloth on about three
million power looms. (It has always
taken many spindles to feed one loom.)
Most of the looms are modern versions
of the Northrop machine, now well en-
gineered and fitted with electronic stop-
ping controls. Their replacement is not
fast, say 1 or 2 percent per year. Over the
past decade, however, nearly all new
weaving machines delivered in Europe
and the U.S. have been shuttleless. Such
a loom no longer parades its entire sup-
ply of weft from side to side until the
shuttle is empty. That inert load makes
all those stops and starts of the heavy
loaded shuttle costly in energy terms;
emergencies require even quicker stops
when the yarn breaks. Yet if the shuttle
load is kept light, shuttle refill must be
more frequent, and so the fast weaving
tempo is lost.

By far the most used loom without a
shuttle is the product of the Swiss firm of
Sulzer, which introduced its projectile
loom three decades ago. Its machine
throws a projectile to carry the end of
the weft yarn within guides lined up be-
tween the warp threads across the width
of the cloth. Neither the projectile nor
the weft yarn touches the warp in pas-
sage. A conveyor brings back the projec-
tile under the cloth after the single yarn
width is cut off. The cut ends are tucked
by a special unit into the next shed.

A weft projectile flies across a few
yards’ width at 40 miles per hour. Still
newer and faster looms carry the weft
across the warp width with a fierce jet of
water or air. The nozzle blows a length
of weft across the cloth width each time
the yarn is measured out and cut to
length. Air is free, but high-speed jets
able to drive the yarn fast are costly in
power; water jets are mainly suited to
nonwetting fibers and require controlled
viscosity and scrupulous cleanliness,
with no algae in the water and no objec-
tionable algicides either. The spray and
surplus water have to be sucked away.
Yet the author of this chapter believes
the jet machines may dominate weav-
ing-machine production by the end of
the 1980’s. Jet looms are no longer limit-
ed by the speed of weft insertion; the
other steps of the process will need
speeding up if the decline of human ef-
fort per kilogram of spun or woven
yarn—the two go together neatly—is to
continue its steady course.

There is more to fabric production,
and to this volume, than spinning and
weaving. Other chapters treat many in-
teresting auxiliary processes and spe-
cialties, from recycling systems to the
statistics of fibers, the optical and me-
chanical properties of yarn, the applica-
tion of electronic sensors and micro-

processors, knitwear, piled and tufted
fabrics, and even the operations analysis
of yarn breaks in spinning and weaving.
There are plenty of people at work even
in the most automated mill; one misses a
chapter on the engineering of suitable
conditions of work in that noisy, at least
micro-dusty and occasionally danger-
ous environment filled with fast-moving
machinery. At one time the unmodified
Lancashire climate suited the humidity
demands of most cotton fabrication, but
these days cotton is worked in quantity
from Quebec to Surabaja. If the weav-
ing room is to be air-conditioned to con-
trol jet properties, weavers worldwide
may yet have a healthier time.

ARAPPAN CIVILIZATION: A CONTEM-

PORARY PERSPECTIVE, edited by
Gregory L. Possehl. Distributed in the
U.S. by Humanities Press, Inc., Atlantic
Highlands, N.J. 07716 ($45). The first
director general of the Archaeological
Survey of India wrote of one site in the
West Punjab, now in Pakistan, in about
1875: “Perhaps the best idea of the ex-
tent of the ruined brick mounds of Har-
apa [sic] may be formed from the fact
that they have more than sufficed to fur-
nish brick ballast for about 100 miles
of Lahor [sic] and Multan Railway.” In
spite of “this abominable act” that dis-
mantled city, named for a nearby village
close to one of the five rivers that flow
together to form the braided Indus, gave
its name to an entire civilization, more
extensive than any other of the Bronze
Age. Over the past 60 years 1,000 ruined
Harappan settlements have been found
scattered across the map of southwest
Asia from the Hindu Kush nearly to
Bombay, and from west of Karachi al-
most to Delhi.

This rich, argumentative and fasci-
nating volume published in 1982 pre-
sents some 40 papers by archaeologists
from America, Europe, India and Paki-
stan. New material is abundant: a sin-
gle paper announces and locates no
fewer than 370 new sites clustered in
the desert of Cholistan, one of which
has the same area as the largest Harap-
pan city known: Mohenjo-daro, south-
ward along the Indus in Sind. In its day
Mohenjo-daro was home to 40,000 or
50,000 citizens.

The roots of Harappan culture have
deepened in time as well; as late as
1977 evidence of agriculture on the In-
dian subcontinent went back only 5,000
years. Now a Neolithic village has been
uncovered at the western fringe of the
Indus valley. It was a permanent settle-
ment, beginning before 5000 B.c., with
many layers of mud-brick structures
and a long record of steady change from
flint tools to sickles and from copper
beads to the coming of pottery thrown
on the wheel. Barley and wheat cereals
were early cultivated and ground to
flour, although it is not known whether
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it was fiber or oil that was the aim of
those who there planted cotton. The up-
per levels yield stamp seals and display
the mass production of drilled soap-
stone beads and terra-cotta figurines,
merging recognizably into the early
Harappan before Mehrgarh was aban-
doned in about 2500 B.cC.

It is not easy to endure in those parts.
The hundreds of newly found small sites
clustered in the extreme aridity of the
Cholistan desert were not built amid the
dry mud flats and sand dunes where now
they sleep. They were established rather
on the fertile floodplain of a mighty pe-
rennial river, the Hakra or Ghaggar, as
it is now called in Pakistan and in India.
For 300 miles the settlements flank the
vanished river, whose dry bed averages
five miles across. There is much uncer-
tainty over the past climate of the re-
gion. It is quite nonuniform even today,
and it seems beyond question that at
least some watercourse changes were
important over the thousands of years.

Whether Mohenjo-daro was brought
to sudden ruin by invading Aryan warri-
ors who worshiped Indra, “the fort-de-
stroyer” of the Vedas, or by a hinterland
flooded and muddied by the tectonical-
ly disturbed and impounded Indus can
both be doubted. The earlier evidence is
now in question. For example, the mas-
sacres once reported in Mohenjo-daro
are hard to document; only two of thou-
sands of skeletons found show signs of
wound trauma, and neither armor nor
weapons are to be found. (Indeed, most
of the thoughtful theoretical essays in
this book seek to refute the views of the
pioneer interpreters of the Indus civili-
zation that it had a late, sudden rise,
a static course, a swift, catastrophic de-
cline and no clear heritage.)

It can hardly be doubted that an agri-
cultural civilization whose chief water-
courses display “the extreme vagrancy
of the rivers in the Indus and the Ghag-
gar valleys” will not finally be under-
stood without a secure grasp of its envi-
ronment in the past, both on the local
scale and in the large. Two physical sci-
entists, D. P. Agrawal and R. K. Sood,
end their account of the inconstant eco-
logical past they have discerned by sat-
ellite photography and other geomor-
phological means with a fresh sugges-
tion. Harappan settlements, even the
small ones, seem more like towns than
villages; they are more or less domi-
nated by craftsmen and administrators.
The people on the land had perhaps to
shift locations often as vagrant waters
wandered over the floodplains. The ur-
banism of the Harappan world might
have involved some unusual adaptation
of that kind, a tendency to a diminu-
tion of the traditional institution of the
settled village in favor of little towns
as working centers for a more scattered
and mobile farming population.

Big questions are not ripe yet for
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broad and final answers. One marvelous
small entry in the history of technology
is not to be slighted. “Harappans loved
ornaments,” begins the paper by three
scholars at the University of Baroda.
Beads are found in abundance at nearly
all Harappan sites (as they are in today’s
India). Half a dozen well-studied sites
yield very regular hard white cylindrical
microbeads by the tens of thousands;
multiply twisted strands of them would
make wonderful decorations “a la Ajan-
ta.” The microbeads are only one mil-
limeter to three millimeters long, each
with a neat circular perforation only
half a millimeter in diameter. How were
they made? Drilling and turning would
demand enormous labor and keen eyes
indeed: 300 beads make up only a gram.

It turns out on chemical analysis, mi-
croscopic examination and X-ray-dif-
fraction study that the microbeads were
not turned or drilled but were extruded
under pressure as a soft wet paste made
from fine-ground naturally occurring
talcose steatite. The perforation was
probably made by a centered mandrel
of fine copper wire over which the paste
emerged like so much macaroni as it
was squeezed through a hole. A horse-
hair would serve to cut off bead after
bead as it came through; the job could
be managed by three painstaking people
working together. Baking in a kiln at 900
degrees Celsius hardened and finished
the beads beautifully. The authors have
sketched a simple, plausible device con-
sisting of cloth, a copper disk and wire
that would make microbeads, entirely
within known Harappan technology.

Where is the legacy of the Harappans?
The newest work on the mysterious
script of Harappa (reported in this jour-
nal by Walter A. Fairservis, Jr., of Vas-
sar College in March, 1983) supports
older conjecture. The Harappan lan-
guage was an early Dravidian tongue;
the influence lives within village India
today, still strong in the art and fable of
the people under a polyglot overlay of
35 centuries. The tiger, like the bull, the
elephant and the buffalo, is depicted on
Harappan seals; the lion is not. A subtle
commentator has seen a dual metaphor
in this: the maned lion on the antique
emblems of the modern Indian state is
Aryan, Vedic. It evokes the sun-bright
steppe in a clear sign of overt power
and authority. The tiger instead prowls
the darkness of the Indian forests, her
older fiery powers at once intimate and
irresistible.

ORLD-CLIMATES, by Willy Rud-

loff. Wissenschaftliche Verlagsge-
sellschaft, Stuttgart. Distributed in the
U.S. by Heyden & Son, Inc., 247 South
41 Street, Philadelphia, Pa. 19104 ($96).
Planning a trip to Perth in West Austra-
lia, where the swans are black and the
yachts swift? The seashore climate is in-
viting enough: it can be described as a



subtropical winter rain climate, with hot
summer maximums, about 100 Fahren-
heit, and mild winter minimums, with
no freezing weather. Sunshine averages
64 percent over the year, with the sun-
niest month November, about as much
sun as Los Angeles’ brightest month.
The tourist can expect heat stress fre-
quently in the southern summer months,
and should dress accordingly, with trop-
ical wear in January and February. In
winter the rainfall is heavy; it is hard
to match the Perth rain pattern in the
snowfree parts of the U.S.

Such a game can be played out in this
volume among nearly 500 pages of tab-
ulated climatic data, with monthly tem-
perature maximums and minimums and
precipitation information given for al-
most 1,500 locations in 140 countries.
There are special remarks about each
country and climatic area, and a couple
of summary pages for each continent.
Quite a few oceanic islands are included
(both the tempting and the desolate), a
fair sample of Arctic stations (both on
the Canadian side and on the Russian)
and one chilly page on Antarctic climate
(not one monthly mean above freezing
for six listed stations).

Exhaustive data of this kind are avail-
able to the professional meteorologist in
a variety of publications, mainly mul-
tivolume official tables, the primary
source of this compilation. It is the au-
thor’s purpose to present the rich world-
wide information in a form simple
enough for easy use, and to adjoin to
the numbers a set of hints on comfort
and clothing. These rather subjective-
sounding qualitative entries are actual-
ly well defined and persuasive, if some-
what aimed at the European traveler,
because they include complete scales
of gradation that help a reader to judge
their meaning well.

Almost 100 pages provide a readable
review of the principles of global cli-
mate, meant for the general reader, ac-
companied by maps and tables usual-
ly found only in the specialized texts.
World maps of thunderstorm activity,
snowfall, fog, runoff, tropical storms
and atmospheric pressure and its chang-
es are all full of interest. The largest belt
of the heaviest rainfall is at sea, just
north of the Equator eastward from
Java; thunderstorms are most at home
in West Africa; the Persian Gulf and the
Gulf of Oman demand the most sum-
mer cooling for human comfort; sum-
mer fogs dominate both polar regions,
but away from the poles only the re-
gions of the Grand Banks, the western
end of the Strait of Magellan and coast-
al southwestern Africa grope through
more than 80 foggy days per year.

This is a carefully and devotedly pro-
duced reference digest, about as good
for the browser as for brisk functional
consultation; only the steep price stands
in the way.
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In designing and making a satellite part entirely via computer, Hughes Aircraft Company developed
what may be a first in computer-aided design/computer-aided manufacturing. The part is a launch
lock pivot plate for the Intelsat VI communications satellite. (The plate keeps the inner and outer
sections of the spacecraft together until it is time to begin the spun/despun operation in space. This
operation stabilizes the satellite in orbit.) The plate was designed on a CADAM system and made on a
computerized milling machine driven by a ComputerVision system. Because CADAM lacks the ability
to run milling machines without extensive manual manipulation, engineers developed a custom
translator. This new programming allowed CADAM data to be understood by ComputerVision and,

in turn, by the milling machine. The use of CADAM and ComputerVision in tandem is believed to

be an industry first.

Heat pictures are screening printed circuit boards for such defects as open or short circuits and failed
components. The Automatic Infrared Test & Inspection System (AITIS) uses a cooled, 60-element
infrared detector to create a high-resolution thermogram. A computer isolates faults by comparing a
tested board with a master thermogram stored in computer memory. Components that appear too warm -
or too cool are shown in color-coded temperatures on a video monitor. As a complement to automatic
test equipment, AITIS saves time and money. Hughes developed AITIS under its independent research
and development programs and contracts with the U.S. Army Missile Command and U.S. Air Force.

An advanced military communications satellite network will let U.S. bombers and airborne command
posts remain in continuous contact with designated ground and naval stations anywhere in the world.
The new MILSTAR network will consist of satellites in various orbits and hundreds of terminals
aboard aircraft, ships, submarines, and in ground units and command centers. Hughes is designing
survivable, secure, and jam-resistant terminals for B-1 and B-52 bombers, E-3A Airborne Warning and
Control System (AWACS) early-warning aircraft, E4 command post aircraft, VC-137 “Air Force 1,” and
other aircraft involved in the Air Force portion of the joint services network.

Some of the fastest digital integrated circuits yet built have been demonstrated at Hughes. The circuits,
made of gallium arsenide, are biphase clock flip-flops configured to perform frequency division. They
were operated at frequencies up to 577 GHz, the highest division speed yet reported for integrated
circuits operating at room temperature. The circuits were fabricated by electron-beam lithography
(using a Hughes system) to produce gate lengths of 0.5 micrometers in the MESFET switching
transistors. These gallium arsenide devices could be used in very-high-frequency signal processing

or as interfaces to more complex chips, including Very High Speed Integrated Circuits.

Career growth opportunities exist at Hughes Support Systems for a variety of engineers qualified by
degree or extensive work experience. They include systems engineers, radar engineers, and software
and hardware design engineers for major simulation and test equipment programs. Also, field
engineering posts throughout the U.S. offer travel, autonomy, and responsibility for the life cycle of
Hughes electronics systems. Please send your resume to Lowell Anderson, Professional Employment,
Dept. S2, Hughes Aircraft Company, P.O. Box 9399, Long Beach, CA 90801-0463. Equal opportunity
employer. U.S. citizenship required.

For more information write to: P.O. Box 11205, Marina del Rey, CA 90295

AIRCRAFT COMPANY
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The Climatic Effects of Nuclear War

New findings tend to support the view that the immense

clouds of smoke and dust raised by even a medium-scale

nuclear war could bring about a global “‘nuclear winter”

by Richard P. Turco, Owen B. Toon, Thomas P. Ackerman, James B. Pollack and Carl Sagan

ince the beginning of the nuclear
S arms race four decades ago it has
been generally assumed that the
most devastating consequence of a ma-
jor nuclear war between the U.S. and the
U.S.S.R. would be a gigantic number of
human casualties in the principal target
zones of the Northern Hemisphere. Al-
though in the wake of such a war the
social and economic structure of the
combatant nations would presumably
collapse, it has been argued that most of
the noncombatant nations—and hence
the majority of the human population—
would not be endangered, either directly
or indirectly. Over the years questions
have been raised about the possible
global extent of various indirect, long-
term effects of nuclear war, such as de-
layed radioactive fallout, depletion of
the protective ozone layer in the upper
atmosphere and adverse changes in the
climate. Until recently, however, the
few authoritative studies available on
these added threats have tended to play
down their significance, in some cases
emphasizing the uncertainty inherent in
any attempt to predict the combined ef-
fects of multiple nuclear explosions.
This comparatively optimistic view of
the potential global impact of nuclear
war may now have to be revised. Re-
cent findings by our group, confirmed
by workers in Europe, the U.S. and the
U.S.S.R,, suggest that the long-term cli-
matic effects of a major nuclear war are
likely to be much severer and farther-
reaching than had been supposed. In the
aftermath of such a war vast areas of the
earth could be subjected to prolonged
darkness, abnormally low temperatures,
violent windstorms, toxic smog and
persistent radioactive fallout—in short,
the combination of conditions that has
come to be known as ‘“nuclear win-
ter.” The physical effects of nuclear war

would be compounded by the wide-
spread breakdown of transportation
systems, power grids, agricultural pro-
duction, food processing, medical care,
sanitation, civil services and central gov-
ernment. Even in regions far from the
conflict the survivors would be imper-
iled by starvation, hypothermia, radia-
tion sickness, weakening of the human
immune system, epidemics and other
dire consequences. Under some circum-
stances, a number of biologists and ecol-
ogists contend, the extinction of many
species of organisms—including the hu-
man species—is a real possibility.

Our own involvement in the reassess-
ment of the global effects of nuclear war
originated in a confluence of several
lines of inquiry. Before joining forces we
had separately and collectively been en-
gaged inresearch on suchphenomenaas
dust storms on Mars and the climatic
effects of explosive volcanic eruptions
on the earth; more recently we all be-
came interested in the hypothesis that
one or more of the mass extinctions of
species evident in the geologic record
were caused by immense clouds of dust
raised by the impact of an asteroid or a
comet. In 1982 a committee of the Na-
tional Academy of Sciences, recogniz-
ing the parallels between the dust raised
by nuclear explosions and that raised by
other cataclysmic events, such as vol-
canic eruptions and meteorite impacts,
asked us to look into the possible climat-
ic effects of the dust likely to result from
anuclear war. We had already been con-
sidering the question, and to address it
further we had at our disposal sophisti-
cated computer models of both large-
and small-scale atmospheric phenome-
na; the models had been developed over
the preceding decade primarily to study
the origins, properties and effects of par-
ticles in the atmosphere.
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Atabout the same time another impor-
tant aspect of the question came to
our attention. An article in the Swed-
ish environmental journal Ambio, coau-
thored by Paul J. Crutzen of the Max
Planck Institute for Chemistry at Mainz
in West Germany and John W. Birks of
the University of Colorado at Boulder,
pointed out that fires ignited by nucle-
ar explosions could generate massive
amounts of smoke, severely attenuating
the sunlight reaching the ground. Ac-
cordingly we added smoke to dust as
a likely perturbing influence of nuclear
war on the climate.

In brief, our initial results, published
in Science in December, 1983, showed
that “the potential global atmospheric
and climatic consequences of nuclear
war...are serious. Significant hemi-
spherical attenuation of the solar radia-
tion flux and subfreezing land tempera-
tures may be caused by fine dust raised
in high-yield nuclear surface bursts and
by smoke from city and forest fires ignit-
ed by airbursts of all yields.” Moreover,
we found that long-term exposure to nu-
clear radiation from the radioactive fall-
out of a nuclear war in the Northern
Hemisphere could be an order of mag-
nitude greater than previous studies
had indicated; the radioactivity, like
the other nuclear-winter effects, could
even extend deep into the Southern
Hemisphere. “When combined with the
prompt destruction from nuclear blast,
fires and fallout and the later enhance-
ment of solar ultraviolet radiation due
to ozone depletion,” we concluded,
“long-term exposure to cold, dark and
radioactivity could pose a serious threat
to human survivors and to other spe-
cies.” Subsequent studies, based on
more powerful models of the general
circulation of the earth’s atmosphere,
have tended to confirm both the validity
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of our investigative approach and the
main thrust of our findings. In what fol-
lows we shall review the current state of
knowledge on this vital issue.

Before one can understand the climat-
ic effects of nuclear war one must
first understand how the earth’s radia-
tion budget is normally balanced. The
amount of sunlight absorbed by the at-
mosphere and the surface of the earth,
averaged over time, is equal to the
amount of thermal radiation emitted
back into space. Because the intensity
of the thermal radiation varies as the
fourth power of the temperature, both
the surface temperature and the atmos-
pheric temperature can adjust fairly
quickly to maintain the overall energy
balance between the solar energy gained
and the thermal energy lost.

If the earth were an airless body like
the moon, its surface would radiate
the absorbed solar energy directly into
space. In this case the globally averaged
temperature of the earth would be well
below the freezing point of water, and
life as we know it could not exist on our
planet. Fortunately the earth has an
atmosphere, which absorbs and traps
some of the heat emitted by the surface,
thereby raising the average ground-level
temperature to well above freezing and
providing a favorable environment for
forms of life, such as ours, that are based
on liquid water.

The thermal insulation of the earth’s
surface by the atmosphere—the “green-
house effect”—arises from the fact that
sunlight passes through the atmosphere
more readily than thermal radiation
does. The radiation emitted by the sun is
mainly in the visible part of the electro-
magnetic spectrum, whereas the ther-
mal radiation emitted by the earth’s sur-
face is concentrated in the infrared part.
The main infrared-absorbing compo-
nents of the atmosphere are water (in the
form of ice crystals, liquid droplets and
vapor) and carbon dioxide gas, both of
which are essentially transparent to visi-
ble light. Hence the atmosphere general-

ly acts as a window for sunlight but as a
blanket for heat.

Under normal conditions the temper-
ature of the troposphere, or lower at-
mosphere, decreases gradually with in-
creasing altitude up to a height of about
12 kilometers, the boundary called the
tropopause. Heat from the earth’s sur-
face is transferred upward through the
atmosphere by several mechanisms:
thermal radiation, small-scale turbu-
lence, large-scale convection and the re-
lease of latent heat through the conden-
sation of ascending water vapor. In a
purely radiative atmosphere (that is, one
in which the air does not move vertically
and all the energy is transferred by ra-
diation) the lower layers of air, where
most of the solar energy is absorbed,
would be warmer than the higher layers;
in this situation the upward thermal
radiation would exceed the downward
thermal radiation, allowing the excess
heat to escape into space. If the opacity
of the atmosphere to infrared radiation
were to increase (with no change in the
opacity to visible light), the temperature
would increase. For example, if carbon
dioxide, a good infrared absorber, were
added to the atmosphere in sufficient
quantities, it would warm the surface.

Conversely, if some component of the
atmosphere were to reduce the amount
of sunlight reaching the surface with-
out significantly increasing the infrared
opacity, the ground temperature would
decrease. For example, if all the sunlight
were absorbed high in the atmosphere
and none reached the ground, and if the
surface could radiate energy to space
without hindrance, the surface temper-
ature would fall to that of an airless
planet. If the absorption of solar energy
were to take place above most of the at-
mosphere, the earth’s radiation budget
would be balanced without the green-
house effect. (Accordingly we refer to
this condition as the ‘“anti-greenhouse
effect.”) Below the layer where the sun-
light was absorbed the temperature of
the atmosphere would not vary with al-
titude: at each lower level the upward

FIRESTORM DEVELOPS in the aftermath of a one-megaton nuclear explosion over the
heart of New York in the hypothetical sequence of events depicted on the opposite page. (The
skyline of the city, viewed here from the west, is drawn to scale; the detonation point is as-
sumed to be at a height of 6,500 feet directly over the Empire State Building.) In the first few
seconds after the detonation the initial flash of thermal radiation from the fireball would spon-
taneously ignite fires in combustible materials at a considerable distance (). Many of these
fires would be promptly snuffed out by the passage of the spherical blast wave (black arcs) and
the accompanying high winds, but those two effects would also start a large number of second-
ary fires in the process of destroying most of the city’s structures (2). Some of the individual
primary and secondary fires could then merge into major conflagrations (3), which in turn
might coalesce into a single massive fire covering most of the city (4). If such a fire were in-
tense enough and the meteorological conditions were favorable, a full-scale firestorm could
ensue, driven by winds of 100 miles per hour or more in the vicinity of the central updraft (5).
Eventually the fire would burn itself out, leaving a smoldering residue (6). The smoke and dust
thrown up by thousands of such explosions could extend over a large region, effectively block-
ing the sunlight and drastically reducing the surface temperature, regardless of the season. In
the authors’ “base line” 5,000-megaton nuclear-war scenario little soot is injected into the
stratosphere by urban firestorms; if such firestorms were common in a nuclear war, the result-
ing nuclear winter would be much severer than the one predicted by the computer models.
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infrared flux would equal the downward
infrared flux and the net energy transfer
would be negligible.

Particles in the atmosphere can affect
the earth’s radiation balance in sev-
eral ways: by absorbing sunlight, by re-
flecting sunlight back into space and
by absorbing or emitting infrared ra-
diation. In general a cloud of fine par-
ticles—an aerosol—tends to warm the
atmospheric layer it occupies, but it
can either warm or cool the underlying
layers and the surface, depending on
whether the particles absorb infrared
radiation more readily than they reflect
and/or absorb visible light.

The anti-greenhouse effect of an
aerosol is maximized for particles that
are highly absorbing at visible wave-
lengths. Thus much less sunlight reach-
es the surface when an aerosol consists
of dark particles such as soot, which
strongly absorb visible light, than when
an aerosol consists of bright particles
such as soil dust, which mainly scatter
the light. Consequently in evaluating the
possible climatic effects of a nuclear
war particular concern should be fo-
cused on the soot particles that are gen-
erated by fires, since soot is one of the
few common particulate materials that
absorb visible light much more strong-
ly than they absorb infrared radiation.

How much an aerosol will cool the
surface (by blocking sunlight) or warm
the surface (by enhancing the green-
house effect) depends on the size of the
particles. If the average diameter of the
particles is less than a typical infrared
wavelength (about 10 micrometers), the
infrared opacity of the aerosol will be
less than its visible opacity. Accordingly
an aerosol of very fine particles that
even weakly absorb sunlight should
have a visible effect greater than its in-
frared effect, giving rise to a significant
cooling of the lower atmospheric layers
and the surface. In the case of soot this is
true even for somewhat larger particles.

The visible and infrared radiation ef-
fects associated with particle layers also
depend on the thickness and density of
the aerosol. The intensity of the sunlight
reaching the ground decreases exponen-
tially with the quantity of fine, absorb-
ing particulate matter in the atmos-
phere. The infrared radiation reaching
the ground, however, depends more on
the air temperature than it does on the
quantity of aerosol. Hence when a large
amount of aerosol is present, the domi-
nant climatic consequence tends to be
strong surface cooling.

The “optical depth” of an aerosol (a
measure of opacity equal to the negative
natural logarithm of the attenuation of
an incident light beam by absorption
and scattering) serves as a convenient
indicator of the aerosol’s potential cli-
matic effects. For example, a cloud with
an optical depth of much less than 1
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would cause only minor perturbations,
since most of the light would reach the
surface, whereas a cloud with an optical
depth of 1 or more would cause a ma-
jor disturbance, since most of the light
would be absorbed in the atmosphere
and/or scattered away into space. Al-
though volcanic particles happen to
have an optimal size for enhancing visi-
ble effects over infrared effects, the mag-
nitude of the induced surface cooling is
limited by the modest optical depth of
volcanic aerosols (less than about .3)
and by their very weak intrinsic absorp-
tion at visible wavelengths. Neverthe-
less, the largest volcanic clouds may
disturb the earth’s radiation balance
enough to cause anomalous weather.
Much more significant climatic distur-
bances could result from the huge
clouds of dust that would be thrown into
the atmosphere by the impact of an as-
teroid or a comet with a diameter of
several kilometers or more. These dust
clouds could have a very large optical
depth, perhaps initially as high as 1,000.

The radiative effects of an aerosol on

the temperature of a planet depend
not only on the aerosol’s optical depth,
its visible absorptivity and the average
size of its particles but also on the varia-
tion of these properties with time. The
longer a significant optical depth can be
sustained, the closer the surface temper-
ature and the atmospheric temperature
will move toward a new state of equilib-
rium. Normally it takes the surface of
the ocean several years to respond to
changes in the global radiation balance,
because of the great heat capacity of the
mixed uppermost layer of the ocean,
which extends to a depth of about 100
meters. In contrast, the air temperature
and the continental land temperature
approach new equilibrium values in
only a few months. In fact, when the
atmosphere is strongly cooled, convec-
tion above the surface ceases and the
ground temperature falls rapidly by ra-
diative cooling, reaching equilibrium in
a few days or weeks. This happens nat-
urally every night, although equilibri-
um is not reached in such a short period.

Particles are removed from the at-

mosphere by several processes: falling
under the influence of gravity, sticking
to the ground and other surfaces and
scavenging by water clouds, rain and
snow. The lifetime of particles against
wet” removal depends on the fre-
quency of cloud formation and precip-
itation at various altitudes. In the first
few kilometers of altitude in the nor-
mal atmosphere particles may in some
places be washed out in a matter of days.
In the upper troposphere (above five
kilometers) the average lifetime of the
particles increases to several weeks or
more. Still higher, in the stratosphere
(above 12 kilometers), water clouds
rarely form and so the lifetime of small
particles is typically a year or more.
Stratospheric removal is primarily by
gravitational settling and the large-scale
convective transport of the particles.
The deposition of particles on surfaces
is very inefficient for average-size smoke
and dust particles, requiring several
months for significant depletion.
Clearly the height at which parti-
cles are injected into the atmosphere af-
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“GREENHOUSE EFFECT,” the phenomenon whereby the earth’s
surface is warmed by the insulating properties of the atmosphere,
could be negated over a large area by the cloud of smoke and dust
resulting from a nuclear war. Under normal conditions (/ef) the at-
mosphere is quite transparent to radiation at visible wavelengths; ac-
cordingly a large fraction of the incident sunlight passes through the
atmosphere and is absorbed by the surface in the form of thermal en-
ergy, or heat. Thermal radiation from the surface is emitted predomi-
nantly at longer, infrared wavelengths, which are strongly absorbed
by the lower atmosphere, raising the temperature near the surface to
levels well above the freezing point of water. Under normal condi-
tions the net heat balance at the ground is the difference between a
downward infrared flux of 101 units and an upward energy flux of
144 units; the latter value in turn consists of an upward infrared flux
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of 115 units plus an upward flux of latent and “sensible” heat total-
ing 29 units. The energy absorbed by the atmosphere and the surface
in the form of sunlight, averaged over time, is equal to the energy
emitted back into space from the surface and the atmosphere in the
form of infrared radiation. A dense cloud of smoke and dust in the
upper or middle atmosphere would rebalance the earth’s energy bud-
get (right). Most of the sunlight would then be absorbed by the cloud,
and a large fraction would be reradiated directly back into space at
infrared wavelengths without ever reaching the surface. Under these
perturbed conditions the net heat balance at the ground would be the
difference between a downward infrared flux of 65 units and an up-
ward infrared flux of 70 units; the two fluxes would almost balance,
canceling any heating effect in the atmosphere. The surface and the
lower atmosphere would cool rapidly as the residual heat dissipated.
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fects their residence time. In general,
the higher the initial altitude, the longer
the residence time in the normal atmos-
phere. Massive injections of soot and
dust, however, may profoundly alter
both the structure of the atmosphere
and the rate of particle removal.

In our analysis of the climatic effects
of nuclear war we have adopted a num-
ber of specific scenarios, based on what
is publicly known about the effects of
individual nuclear explosions, the size
and deployment of the world’s pres-
ent nuclear arsenals and the nuclear-
war-fighting plans of the U.S. and the
U.S.S.R. Among the several dozen cases
we have analyzed are a 100-megaton
“countervalue” attack directed strictly
against cities, a 3,000-megaton ‘“‘coun-
terforce” attack directed strictly against
missile silos and a 10,000-megaton “full-
scale exchange” directed against an as-
sortment of targets on both sides. Our
“base line” case is a 5,000-megaton nu-
clear exchange, with about 20 percent
of the total explosive yield detonated
over urban, suburban and industrial ar-
eas. All the postulated attack scenarios
are well within the present capabilities
of the two superpowers.

A nuclear explosion can readily ignite
fires in either an urban or a rural setting.
The flash of thermal radiation from the
nuclear explosion, which has a spectrum
similar to that of sunlight, accounts for
about. a third of the total energy yield of
the explosion. The flash is so intense that
a variety of combustible materials are
ignited spontaneously at ranges of 10
kilometers or more from a one-megaton
air burst detonated at a nominal altitude
of a kilometer. The blast wave from
the explosion would extinguish many of
the initial fires, but it would also start
numerous secondary fires by disrupting
open flames, rupturing gas lines and fuel
storage tanks and causing electrical and
mechanical sparks. The destruction re-
sulting from the blast wave would also
hamper effective fire fighting and so pro-
mote the spread of both the primary and
the secondary fires. Based on the known
incendiary effects of the nuclear explo-
sions over Hiroshima and Nagasaki in
1945 it can be projected that the fires
likely to be caused by just one of the far
more powerful strategic nuclear weap-
ons available today would extend over
an area of from tens to hundreds of
square kilometers.

Nuclear explosions over forests and
grasslands could al$o ignite large
fires, but this situation is more difficult
to evaluate. Among the factors that af-
fect fires in wilderness areas are the hu-
midity, the moisture content of the fuel,
the amount of the fuel and the velocity
of the wind. Roughly a third of the land
area in the North Temperate Zone is
covered by forest, and an equal area is
covered by brush and grassland. Violent
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TRANSMISSION OF SUNLIGHT through smoke clouds and dust clouds is represented in
this graph as a function of each cloud’s optical depth, a measure of opacity equal to the nega-
tive natural logarithm of the attenuation of an incident light beam. At a given optical depth a
smoke cloud evidently absorbs much more sunlight than a dust cloud. Three typical levels of
transmitted light are given for comparison: they correspond to a very cloudy day (a), a light
level at which photosynthesis is barely possible (5) and a clear night with a full moon (¢).

wildfires have been known to spread
over tens of thousands of square kilome-
ters from a few ignition points; in the
absence of a nuclear war such fires oc-
cur about once every decade. Although
most wildfires generated by nuclear ex-
plosions would probably be confined to
the immediate area exposed to the in-
tense thermal flash, it is possible that
much larger ones would be started by
multiple explosions over scattered mili-
tary targets such as missile silos.

The total amount of smoke likely to
be generated by a nuclear war depends
on, among other things, the total yield of
the nuclear weaponsexploded over each
type of target, the efficiency of the ex-
plosions in igniting fires, the average
area ignited per megaton of yield, the
average amount of combustible materi-
al in the irradiated region, the fraction
of the combustible material consumed
by the fires, the ratio of the amount of
smoke produced to the amount of fuel
burned and the fraction of the smoke
that is eventually entrained into the
global atmospheric circulation after lo-
cal rainfall has removed its share. By
assigning the most likely values to these
parameters for a nuclear war involving
less than 40 percent of the strategic arse-
nals of the two superpowers we were
able to calculate that the total smoke
emission from a full-scale nuclear ex-
change could easily exceed 100 million
metric tons. In many respects this is a
conservative estimate. Crutzen and his
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co-workers Ian Galbally of the Com-
monwealth Scientific and Industrial Re-
search Organization (CSIRO) in Australia
and Christoph Briihl of the Max Planck
Institute at Mainz have recently estimat-
ed that the total smoke emission from a
full-scale nuclear war would be closer to
300 million tons.

One hundred million tons of smoke, if
it were distributed as a uniform cloud
over the entire globe, could reduce the
intensity of sunlight reaching the ground
by as much as 95 percent. The initial
clouds would not cover the entire globe,
however, and so large areas of the
Northern Hemisphere, particularly in
the target zones, would be even darker;
at noon the light level in these areas
could be as low as that of a moonlit
night. Daytime darkness in this range, if
it persisted for weeks or months, would
trigger a climatic catastrophe. Indeed,
significant disturbances might be caused
by much smaller amounts of smoke.

Wildfires normally inject smoke into
the lower atmosphere to an altitude of
five or six kilometers. In contrast, large
urban fires have been known to inject
smoke into the upper troposphere, prob-
ably as high as 12 kilometers. The un-
precedented scale of the fires likely to
be ignited by large nuclear explosions
and the complex convective activity
generated by multiple explosions might
cause some of the smoke to rise even
higher. Studies of the dynamics of very
large fires suggest that individual smoke
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plumes might reach as high as 20 kilo-
meters, well into the stratosphere.

During the World War II bombing
of Hamburg the center of the city
was gutted by an intense firestorm, with
heat-generated winds of hurricane force
sweeping inward from all directions at
ground level. Rapid heat release over a
large area can create fire vortexes, heat
tornadoes and cyclones with towering
convective columns. The sheer intensity
of such fires might act to reduce the
smoke emission considerably through
two processes: the oxidation of carbona-
ceous smoke particles at the extremely
high temperatures generated in the fire
zone and the washout of smoke particles
by precipitation formed in the convec-
tive column. Both effects were taken
into account in our estimates of the total
smoke emission from a nuclear war.
The climatic impact of smoke de-
pends on its optical properties, which in
turn are sensitive to the size, shape and
composition of the smoke particles. The
most effective light-screening smoke
consists of particles with a radius of
about .1 micrometer and a very sooty
composition rich in graphite. The least
effective smoke in attenuating sunlight
consists of particles larger than .5 mi-
crometer with a predominantly oily
composition. The smoke from a forest
fire is typically composed of extremely
fine oily particles, whereas the smoke
from an urban fire consists of larger ag-
glomerations of sooty particles. Smoke
from fierce fires usually contains large
particles of ash, char, dust and other de-
bris, which is swept up by the heat-gen-
erated winds. The largest of these parti-
cles fall out of the smoke clouds just
downwind of the fire. Although very in-

tense fires produce less smoke, they lift
more fine dust and may burn metals
such as aJuminum and chromium, which
efficiently generate fine aerosols.

The release of toxic compounds in ur-
ban fires has not been adequately stud-
ied. It is well known that many people
who have died in accidental fires have
been poisoned by toxic gases. In addi-
tion to carbon monoxide, which is pro-
duced copiously in many fires, hydrogen
cyanide and hydrogen chloride are gen-
erated when the synthetic compounds
in modern building materials and fur-
nishings burn. If large stores of organ-
ic chemicals are released and burned in
a nuclear conflict, additional airborne
toxins would be generated. The possibil-
ity that vast areas could be contaminat-
ed by such pyrotoxins, adsorbed on the
surface of smoke, ash and dust particles
and carried great distances by winds,
needs further investigation.

Nuclear explosions at or near ground
level throw up huge amounts of dust.
The principal dust-forming mechanisms
include the ejection and disaggregation
of soil particles from the crater formed
by the explosion; the vaporization and
subsequent renucleation of soil and
rock, and the lifting of surface dust
and smoke. A one-megaton explosion
on land can excavate a crater hundreds
of meters in diameter, eject several mil-
lion tons of debris, lift between 100,000
and 600,000 tons of soil to a high alti-
tude and inject between 10,000 and 30,-
000 tons of submicrometer dust parti-
cles into the stratosphere. The height at
which the dust is injected depends on the
yield of the explosion: the dust clouds
produced by explosions with a yield of
less than about 100 kilotons will gener-
ally not penetrate into the stratosphere,

whereas those from explosions with a
yield of more than about a megaton will
stabilize mainly within the stratosphere.
Explosions above the ground can also
raise large quantities of dust, which is
vacuumed off the surface by the rising
fireball. The combined effects of multi-
ple explosions could enhance the total
amount of dust raised to high altitudes.

he quantity of dust produced in a

nuclear war would depend sensitive-
ly on the way the weapons were used.
Ground bursts would be directed at
hard targets, such as missile silos and
underground command posts. Soft tar-
gets could be attacked by air bursts as
well as ground bursts. There are more
than 1,000 missile silos in the continen-
tal U.S. alone, and at least two Russian
warheads are probably committed to
each of them. Some 1,400 missile silos
in the U.S.S.R. are similarly targeted by
U.S. warheads. Air bases and secondary
airfields, submarine pens and command
and control facilities are among the
many other strategic targets to which
ground bursts might be assigned. In
short, it seems quite possible that at least
4,000 megatons of high-yield weapons
might be detonated at or near ground
level even in a war in which cities were
not targeted, and that roughly 120 mil-
lion tons of submicrometer soil particles
could be injected into the stratosphere
in the North Temperate Zone. This
is many times greater than all the sub-
micrometer dust lifted into the strato-
sphere by the eruption of the volcano El
Chichén in Mexico in 1982 and is com-
parable to the global submicrometer
dust injections of much larger volcanic
eruptions such as that of Tambora in
1815 and Krakatau in 1883.

y—— T T T — B [ ——
SURFACE URBAN OR MASS OF SUB-| MASS OF SUB-
' TOTALYIELD| BURSTS INDUSTRIAL | YIELD OF TOTAL | MICROMETER| MICROMETER | OPTICAL | OPTICAL
SCENARIO (MEG;TONS) (PERCENTAGE| . TARGETS _| WARHEADS | NUMBER OF SMOKE DUST DEPTH OF |DEPTH OF
OF YIELD) |(PERCENTAGE (MEGATONS) [EXPLOSIONS| (MILLIONS OF | (MILLIONS OF | SMOKE | DUST
OF YIELD) METRIC TONS)| METRIC TONS)

BASE-LINE [

A| EXCHANGE I 5,000 | 57 [ 20 l 1-10 10,400 225 65 45 1
LOW-YIELD

8| AIRBURSTS r 5,000_ B _10_ . 33 | -1 22,500 300 15 6 2 |
FULL-SCALE |

!c EXCHANGE 10,000 63 15 1-10 16,160 300_ 130 6 2

| | MEDIUM-SCALE

| 2| ExcHANGE 3,000 50 25 3-5 5,433_ 175 _43 3._5__ 6
LIMITED .

E| Excrance 1,000 50 25 2-1 2,250 50 10 _1 i A
GENERAL

F | COUNTERFORCE 3,000 70 0 1-10 2,150 0 55 0 8
ATTACK
HARD-TARGET

G | COUNTERFORCE 5,000 100 0 5-10 700 0 650 0 10
ATTACK

H | CITY ATTACK 100 0 100 | A 1,000 150 0

/| | FUTURE WAR 25000 | 72 ] 10 | 1-10 28,300 400 325

NUCLEAR-WAR SCENARIOS outlined in this table were drawn
from a much longer list of possibilities considered in detail by the au-
thors in their original study. The last four columns at the right give
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the outcome of each scenario in terms of the resulting clouds of smoke
and dust. All the scenarios shown here except the last one are thought
to be well within the present capabilities of the two superpowers.



Analogies between the atmospheric
effects of a major volcanic explosion
and a nuclear war are often made for
convenience. Nevertheless, there is no
straightforward way to scale the effects
of a volcanic explosion against those
of a series of nuclear detonations. The
aerosol particles produced by volcanoes
are fundamentally different in compo-
sition, size and shape from those pro-
duced by nuclear explosions. We have
therefore based our calculations on the
properties of dust measured directly in
nuclear-explosion clouds.

The only proper comparison between
a volcanic eruption and a nuclear explo-
sion is the optical depth of the long-term
aerosols that are produced. In fact, we
utilized data on global “dust veils” gen-
erated by volcanic explosions to test and
calibrate our climate models. In so do-
ing we have been able to account quan-
titatively for the hemispheric surface-
cooling effect observed after major
volcanic eruptions. The present nuclear-
dust calculations are entirely consistent
with observations of volcanic phenome-
na. For example, it is now clear that vio-
lent eruptions can lead to a significant
climatic cooling for a year or more.
Even so, in recorded history volcanoes
have had only a rather modest climatic
role. The fact that volcanoes are local-
ized sources of dust limits their geo-
graphic influence; moreover, volcanoes
inject comparatively little fine dust (and
no soot) into the stratosphere. Nuclear
explosions, on the other hand, are a
powerful and efficient means of inject-
ing large quantities of fine soot and dust
into the atmosphere over large regions.

he atoms produced in the fission re-

actions of a nuclear explosion are
often in unstable isotopic states. Radio-
active decay from these states releases
alpha, beta and gamma radiation. In
most nuclear weapons at least half of
the energy yield is generated by fission
and the rest by fusion. About 300 dis-
tinct radioactive isotopes are produced.
Most of them condense onto aerosols
and dust formed in (or sucked into) the
fireball. Accordingly the dust and the
radioactivity generated by nuclear ex-
plosions are intimately related.

Of particular interest here are the
prompt and the intermediate radioac-
tive fallout. The former is associated
with short-lived radioactive isotopes
that condense onto large soil particles,
which in turn fall to the ground within
hours after an explosion. Intermediate
fallout is associated with longer-lived
radioactive isotopes carried by smaller
particles that drift in the wind and are
removed by settling and precipitation
in the interval from days to months.
Prompt fallout is generated by ground
bursts, and intermediate fallout is gen-
erated by ground bursts and air bursts
in the yield range from 10 to 500 kilo-
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VARIATION IN OPACITY OVER TIME of the clouds of smoke and dust resulting from a
number of nuclear-war scenarios is traced here in terms of the clouds’ vertical optical depth
averaged over the Northern Hemisphere. The optical depths were calculated for visible light at
a wavelength of 550 nanometers. The results tend to fall into two bands. The upper band in-
cludes those scenarios that gave results close to the authors’ 5,000-megaton base-line case, in-
dicated by the solid-color curve; the total explosive yields of the scenarios in this band range
from 100 to 10,000 megatons. The lower band includes those scenarios that gave less drastic re-
sults; the scenarios in this band range from the 1,000-megaton limited exchange indicated by
the black curve to a 3,000-megaton counterforce attack aimed at military targets only. Signifi-
cant climatic disruptions are expected whenever the average optical depth over a hemisphere
is greater than about 1. The average optical depth over the Northern Hemisphere of the cloud
of dust raised by the eruption of the volcano El Chichén in 1982 is given for comparison.

tons, which deposit their radioactivity
in the middle and upper troposphere.
The danger from radioactive fallout is
measured in terms of the total dose
in rads (a unit of radiation exposure
equivalent to 100 ergs of ionizing energy
deposited in one gram of tissue), the
dose rate inrads per hour and the type of
radiation. The most deadly effects are
caused by the intense, penetrating gam-
ma radiation from prompt fallout. The
widespread intermediate fallout deliv-
ers a less potent long-term gamma-ray
dose. A whole-body gamma-ray expo-
sure of 450 rads, received over several
days, is lethal to half of the healthy
adults exposed. Chronic doses of 100
rads or more from intermediate fallout
could suppress the immune system even
of healthy people and would cause long-
term increments in the incidence of can-
cer, genetic defects and other diseases.
Our most recent studies of the effects
of radioactive fallout in our base-line
case indicate that the prompt fallout
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could contaminate millions of square
kilometers of land with lethal radioac-
tivity. The intermediate fallout would
blanket at least the North Temperate
Zone, producing average long-term,
whole-body gamma-ray exposures of
about 50 rads in unprotected popula-
tions. Internal exposures of specific or-
gans to biologically active radioactive
isotopes such as strontium 90 and iodine
131, which enter the food chain, could
double or triple the total doses. Accord-
ing to Joseph B. Knox of the Lawrence
Livermore National Laboratory, if nu-
clear power plants were targeted direct-
ly, the average long-term gamma-ray
dose could be increased to several hun-
dred rads or more.

The computer models we have em-
ployed to define the potential magnitude
of the long-term global aftereffects of
nuclear war are one-dimensional: they
treat only the vertical structure of the
atmosphere. Obviously the atmosphere
is a complex three-dimensional system
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VARIATION IN THE AMOUNT OF SUNLIGHT reaching the ground through a widely
dispersed cloud of smoke and dust created by a nuclear war is shown for several of the nuclear-
war scenarios considered by the authors. Each curve gives the average solar-energy flux at the
ground in the Northern Hemisphere for a given scenario. The fluxes correspond to horizontal-
ly averaged smoke clouds and do not take into account possible patchiness in the clouds. The
color curve corresponds to the 5,000-megaton base-line case (curve A). Curve A’ is a variant
of the base-line case that takes into account only the effects of dust. Curve C' is a variant of the
10,000-megaton full-scale exchange that assigns more extreme values to the smoke-emission
parameters. Also indicated are the energy level at which photosynthesis cannot keep pace with
the respiration of a typical plant (a level known as the compensation point) and the energy lev-
el at which photosynthesis ceases. These two thresholds vary considerably from plant to plant.
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VARIATION IN TEMPERATURE at ground level in the Northern Hemisphere with time
after a nuclear war is shown for several scenarios. Again the color curve corresponds to the au-
thors’ 5,000-megaton base-line case. In general smoke in the troposphere (below 12 kilometers)
would have a substantial short-term cooling effect, whereas dust in the stratosphere (above 12
kilometers) would result in a less pronounced but longer cooling trend. The calculated average
temperature decrease in each case is probably the largest that would be registered, and then
only in the interior regions of the continents. The temperature decrease over the ocean would
be only a few degrees Celsius or less. Hence the mixing of continental and marine air masses
would lead to a less drastic temperature decrease over land, particularly along coastlines. The
same phenomenon, however, would also lead to prolonged severe coastal storms. The tempera-
ture changes plotted in this graph are seasonally averaged. If the war were in the summer, the
temperature decrease would be larger than that indicated in each case; if the war were in the
winter, the temperature decrease would be smaller. A decline in temperature of only a few de-
grees may have significant adverse effects on agriculture. In a wide range of cases the tempera-
ture drops to —20 degrees C. or lower and does not return to the freezing point for months.
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whose intricate interactions determine
its response to perturbations. At present,
however, there are no three-dimensional
models with the appropriate features to
treat the nuclear-winter problem with
high precision, although several such
models are under development. The
existing models of the climate and the
general circulation of the atmosphere
incorporate a number of empirical ap-
proaches to physical processes that are
not well understood. In the nuclear-win-
ter scenario the climate is so seriously
perturbed that such treatments are of
dubious applicability.

Our approach has therefore been to
estimate the first-order effects through
detailed microphysical, chemical and
optical calculations in a one-dimension-
al format. Even this simplified approach
had not been attempted before our
work, and it was not clear then that
more sophisticated three-dimensional
work was justified. Based on the predict-
ed first-order one-dimensional effects,
the principal three-dimensional mete-
orological interactions that would have
to be treated in more refined studies
were deduced. The three-dimensional
results generally confirm our one-di-
mensional results.

hree basic models were used in our

study: a nuclear-scenario model, a
particle-microphysics model and a ra-
diative-convective climate model The
nuclear-scenario model determines the
quantities of smoke, dust, radioactivity
and pyrotoxins generated by a specific
nuclear exchange, relying on (among
other things) the smoke and dust esti-
mates cited above. The microphysics
model simulates the evolution of the
quantity and the size of the smoke and
dust particles and the deposition of ra-
dioactivity by accounting for the physi-
cal interactions and vertical transport of
particles at all altitudes. The radiative-
convective model calculates the optical
and infrared properties of the evolving
particles, the visible and infrared energy
fluxes and air temperatures as a function
of time and altitude. Because the pre-
dicted air temperatures are sensitive to
surface heat capacities, separate calcu-
lations were done for land and ocean
environments to define possible temper-
ature differences.

One-dimensional models: cannot ac-
curately forecast the short-term or local
effects of a nuclear war. The applicabili-
ty of the predictions based on such mod-
els depends on the rate and extent of the
dispersion of the smoke plumes and dust
clouds. Soon after a nuclear exchange
thousands of individual smoke and dust
clouds would be distributed throughout
the North Temperate Zone at altitudes
of up to 20 kilometers. The action of
horizontal turbulent diffusion, vertical
wind shear and continuing smoke emis-
sion would almost certainly spread the



clouds of nuclear debris over the entire
zone and fill in gaps in the clouds within
a week. Local effects in this period could
vary considerably from the average ef-
fects simulated with our one-dimension-
al models.

Since large uncertainties are inherent
in any assessment of the effects of nucle-
ar warfare, a variety of simulations were
made to investigate the sensitivity of
various outcomes to changes in scenar-
ios and in key physical parameters. Al-
though all these results cannot be dis-
cussed in an article of this length, some
selected findings are summarized in the
illustrations accompanying this article.

In general our results suggest that the
optical depth of the cloud of smoke and
dust resulting from a massive nuclear
exchange would at the very least be
comparable to or larger than that of the
cloud resulting from a major volcanic
eruption, and that the most probable op-
tical depth would be an order of mag-
nitude larger. The likeliest outcome of
a nuclear war would therefore be a cli-
matic catastrophe.

The ultimate impact of smoke and
dust on climate depends on the fraction
of sunlight they screen from the surface.
This suggests that a saturation effect will
occur. For example, a smoke cloud with
an optical depth of 3 can prevent 95 per-
cent or more of the sunlight from reach-
ing the ground. Greater optical depths
cause only negligible further decreases
in the average surface sunlight. Thus
an average optical depth of about 3 is
roughly the saturation level for smoke-
induced climatic effects. The saturation
level for dust occurs at an optical depth
of about 20, and its onset is much more
gradual with increasing optical depth
than the saturation level for smoke. It is
doubtful whether enough dust could be
raised in a nuclear war to create optical
saturation on a global scale.

How a smoke cloud extinguishes light
also differs from how a dust cloud
does so. A sooty pall of smoke absorbs
most of the incident light and scatters
only a small fraction back into space or
down toward the surface. The absorp-
tion rapidly heats the smoke clouds, in-
ducing powerful air motions and winds.
Dust clouds, on the other hand, primari-
ly scatter the incident sunlight and ab-
sorb only a small fraction. To block
light effectively clouds that are purely
light-scattering must be very thick, be-
cause much of the light is scattered for-
ward toward the earth’s surface; for ex-
ample, ordinary water clouds typically
have an optical depth of 10 or more.
We find that for many scenarios a
substantial reduction in sunlight may
persist for weeks or months after the
war. In the first week or two the clouds
would also be patchy; hence our calcu-
lations probably underestimate the av-
erage light intensity at these early stages.
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VARIATION IN TEMPERATURE WITH ALTITUDE over the northern continents is
plotted in this contour diagram for the first year after the 5,000-megaton base-line nuclear
war. The contours give the average change in temperature at intervals of 10 degrees C,, based on
the authors’ one-dimensional radiative-convective model. The gray area indicates parts of the
atmosphere that are cooled below their normal temperature; the color area indicates parts that
are heated above their normal temperature. The strong heating effect in the upper troposphere
and lower stratosphere is attributable mainly to the absorption of sunlight by smoke and dust.

Nevertheless, within the target zones it
would be too dark to see, even at noon.

The large amount of smoke generated
by a nuclear exchange could lead to dra-
matic decreases in continental tempera-
tures for a substantial period. In many
of the scenarios represented in the illus-
trations accompanying this article land
temperatures remain below freezing
for months. Average temperature de-
creases of only a few degrees Celsius in
spring or early summer could destroy
crops throughout the North Temperate
Zone. Temperature drops of some 40
degrees C. (to an absolute temperature
of about —25 degrees C.) are predicted
for the base-line case, and still severer
cooling effects are possible with the cur-
rent nuclear arsenals and with those pro-
jected for the near future.

The predicted changes in air temper-
ature as a function of height and time
for our 5,000-megaton base-line scenar-
io reveal several important features.
First, the upper atmosphere is heated
by between 30 and 80 degrees C. as the
sunlight, which normally warms the
ground, is absorbed in the highest smoke
layers. At the same time the ground
cools in darkness. The hot clouds, like
hot-air balloons, would not remain sta-
tionary but would rise and expand.

A month after a massive nuclear ex-
change the entire troposphere over land
could be thermally brought to a stand-
still. Even after three months only the
lowest few kilometers would receive
enough solar energy to drive weak con-
vection. In effect the stratosphere would
descend to the surface, creating an alien
atmosphere. In some places warm cur-
rents of ocean air would still sweep into
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the continents at ground level, but this
heat source would be able to drive con-
vection only within the lowest few kilo-
meters of the atmosphere. The intense
temperature inversion would effectively
damp deep convective activity. Else-
where cold air flowing off the continents
might warm over the oceans, rise and
recirculate over the continents and final-
ly subside over the land.

One possible consequence of the tem-
perature inversion caused by such a
smoke cloud would be an increase in
the atmospheric residence time of the
smoke and dust. This outcome repre-
sents a positive feedback effect, not tak-
en into account in any calculations so
far, that would increase both the sever-
ity and the duration of the nuclear win-
ter. The temperature inversion reduces
the convective penetration of moist air
from below, inhibiting the condensation
of water in the sooty air and hence great-
ly limiting precipitation at altitudes
higher than a few kilometers. The longer
soot and dust remain in the atmosphere,
the farther they spread horizontally and
the more widespread their climatic im-
pact is. Under these conditions the parti-
cles are removed mainly by continuing
coagulation and fallout and by trans-
port in global-scale wind systems and
turbulence to low altitudes where pre-
cipitation scavenging still takes place.

Our calculated temperature changes
over extended land masses do not
account for the initial patchiness in the
clouds or the later dilution of cold conti-
nental air by warm marine air. Michael
C. MacCracken of Livermore has inves-
tigated the combined effects of patchi-
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clear war are compared. The black curve is
the normal temperature profile. The other
curves show the profile one month after the
war (dark color), three months after (medi-
um color) and six months after (light color).
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ness in clouds and the transfer of heat
fromthe ocean, working with a general-
circulation model to trace large blobs
of smoke; he has also worked with a
two-dimensional climate model to cal-
culate land temperatures corresponding
to the smoke emission in our 5,000-
megaton base-line scenario. He finds
average temperature decreases on land
that are roughly half our continental-
interior temperature drops. Even more
sophisticated three-dimensional gener-
al-circulation-model calculations for
conditions similar to our base-line sce-
nario confirm that temperature drops of
between 20 and 40 degrees C. are pos-
sible over vast continental areas.

The results of our computations indi-
cate that the motions induced in soot
clouds by the absorption of sunlight
might cause the soot cloud to rise and
spread out horizontally. This phenom-
enon could accelerate both the early
dispersal and the global spreading of
smoke plumes, a process that is other-
wise dominated by wind shear and tur-
bulence. Recently a group at the Nation-
al Aeronautics and Space Administra-
tion’s Ames Research Center, consisting
of Robert M. Haberle and two of us
(Ackerman and Toon), applied an ad-
vanced two-dimensional global-circula-
tion model to compute the motion of
heated soot clouds in the earth’s tropo-
sphere. The Ames group considered a
uniform soot cloud between 30 and 60
degrees north latitude, encircling the
earth at these latitudes and extend-
ing from the ground to an altitude of
eight kilometers. This smoke simula-
tion shows massive fragments of the
cloud rising high into the stratosphere
and moving briskly toward the Equator
and the Southern Hemisphere.

Although these calculations are pre-
liminary, they support a major hypoth-
esis of our initial study: that self-pro-
pelled smoke and dust clouds from the
Northern Hemisphere could be rapid-
ly transported to the Southern Hemi-
sphere, causing large climatic anomalies
there as well. Such accelerated disper-
sal could have the most severe conse-
quences in the Tropics of both hem-
ispheres, where the indigenous organ-
isms are extremely sensitive to dark and
cold. A nuclear winter extending to the
Tropics would represent an ecological
disaster unprecedented in history.

Our speculations about major mete-
orological disturbances and interhemi-
spheric transport following a nuclear
conflict have received further support
from sophisticated calculations with
three-dimensional models of global cir-
culation. These models are not yet de-
signed to move smoke and dust as tracer
elements or to make the required de-
tailed radiative-transport calculations.
Nevertheless, they are able to define the
initial three-dimensional perturbations
in winds and temperatures caused by
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massive smoke injections. Two research
groups have made these advanced cli-
mate studies: Curt Covey, Stephen H.
Schneider and Starley L. Thompson of
the National Center for Atmospheric
Research (NcAR) in Boulder, Colo., and
Vladimir V. Alexandrov and Georgi L.
Stenchikov of the Computing Center of
the Academy of Sciences of the U.S.S.R.

he predictions made by both groups

of the normal and perturbed merid-
ional, or north-south, circulation of the
atmosphere several weeks after a nu-
clear exchange in the Northern Hemi-
sphere in the spring or summer lead to
the same conclusion: the normally bi-
furcated “Hadley cell” circulation in the
Tropics would be transformed into a
single intense cell with strong winds in
the upper troposphere flowing directly
from the Northern Hemisphere to the
Southern Hemisphere. This would rep-
resent a profound change in the global
wind system.

The average meridional circulation is
the residual motion of large-scale plan-
etary-wave oscillations. The global-cir-
culation models predict anomalies in
the planetary-wave motions, and here
too the results are surprising. The NCAR
group finds that continent-size bodies
of heated air could penetrate deep into
the Southern Hemisphere in a matter of
days. Essentially all the habitable land
masses of the earth could be subject to
rapid blackout by soot. The global-
circulation models also forecast sub-
freezing temperatures over most of the
northern continental regions. What is
startling is that local freezing could
occur within two or three days; the NCAR
group refers to it as a “quick freeze.”
Under such circumstances practically
no area of the globe, north or south,
would be safe from nuclear winter.

Consideration of the possible weath-
er activity near coastlines during the
nuclear winter suggests that even if the
incident sunlight were reduced signifi-
cantly, the oceans would continue to
feed heat and moisture into the marine
boundary layer near coastlines. In some
regions cold off shore winds would inter-
act with the marine environment to pro-
duce intense storms and heavy precip-
itation: In other regions, as prevailing
winds swept ocean air onto cold con-
tinents, thick stratus clouds and con-
tinuous precipitation could ensue. It is
not known how far this severe weather
might extend inland from the coastlines,
but a 100-kilometer margin would prob-
ably include most of the activity.

There are many additional questions
about nuclear winter that remain to be
answered. With rapid surface cooling
widespread fogs would develop, and
they might affect the radiation balance
at the surface. The presence of millions
of tons of nuclear debris in the atmos-
phere could modify the properties of



cloud droplets and so the removal rate
of the debris. The nuclear clouds and
modified natural clouds would also af-
fect the overall infrared-radiation bal-
ance of the atmosphere, but the implica-
tions for surface temperatures remain
uncertain. Daily variations, which have
not yet been treated in the climate mod-
els applied to the nuclear-war problem,
could also influence the dynamics and
removal of the nuclear debris. Water in-
jected by nuclear explosions and fires
might affect atmospheric chemical and
radiative processes. All these effects are
important second-order refinements of
the basic climatic theory of the nuclear
winter. On the basis of the existing scien-
tific evidence, however, none of these
effects appears to be capable of signif-
icantly altering the major climatic im-
pacts now predicted for a nuclear war.

There is also a lack of understanding
of the interactions of the atmosphere
with the oceans, which may have a
major influence on short-term climatic
changes. Through what was perhaps a
series of coincidences, the eruption of El
Chichén in the spring of 1982 was fol-
lowed by an unusually intense El Nifio
warming of the South Pacific in the win-
ter of 1982 and spring of 1983, asso-
ciated with an unexpected calming of
the southerly trade winds. These events
were followed by unusual weather in
North America and Europe in the win-
ter of 1982 and throughout 1983. Most
of North America suffered record-
breaking cold that winter, and Europe
enjoyed a balmy spring in December.
Although proof that these events were
related is lacking, the evidence suggests
a potentially significant coupling of
ocean currents, winds and weather on a
comparatively short time scale; such a
relation has yet to be defined rigorously.

Our study also considered a number
of secondary climatic effects of nu-
clear war. Changes in the albedo, or re-
flectivity, of the earth’s surface can be
caused by widespread fires, by the dep-
osition of soot on snow and ice and by
regional modifications of vegetation.
Short-term changes in albedo were eval-
uvated and found to be unimportant
compared with the screening of sunlight.
If significant semipermanent albedo
changes were to occur, long-term cli-
matic shifts could ensue. On the oth-
er hand, the vast oceanic heat source
would act to force the climate toward
contemporary norms following any ma-
jor disturbance. Accordingly we have
tentatively concluded that a nuclear war
is not likely to be followed by an ice age.

We have also analyzed the climatic
effects caused by changes in the gaseous
composition of the atmosphere. The
maximum hemispheric temperature
perturbation associated with the pro-
duction of oxides of nitrogen and the
accompanying depletion of ozone is a
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GLOBAL CIRCULATION PATTERN of the atmosphere could be disrupted by a major nu-
clear war in the Northern Hemisphere. In the spring and summer (in the Northern Hemi-
sphere) the average global circulation in the meridional, or north-south, direction is domi-
nated by the large convective feature called a Hadley cell, in which the air rises over the hot,
humid Tropics, splits into two streams and descends over subtropical and middle latitudes in
both hemispheres, establishing secondary circulation cells at higher latitudes (diagram at left).
If a large, dense cloud of smoke and dust were to be introduced into the troposphere in the
North Temperate Zone during these seasons, the tropospheric heating effect at the southern
edge of the cloud might be intense enough to reverse the normal mid-latitude subsidence, con-
verting the Hadley circulation into an unusual pattern characterized by a single dominant cell
with upper-level winds blowing briskly across the Equator from north to south (diagram at
right). This novel circulation pattern has been observed in sophisticated computer models of the
general circulation of the atmosphere developed by investigators in the U.S. and the U.S.S.R.

cooling of no more than a few degrees
C. The concentrations of greenhouse-ef-
fect gases would also be modified by a
nuclear war; such gases might produce a
surface warming of several degrees after
the smoke and dust had cleared. These
mutually offsetting temperature pertur-
bations are uncertain, however, because
the chemical and physical changes in the
atmosphere caused by a nuclear war
would be coupled through processes
that are not adequately treated in exist-
ing models. Further analysis is clearly
needed on this point.

Of course, the actual consequences
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of a nuclear war can never be precise-
ly foreseen. Synergistic interactions
among individual physical stresses
might compound the problem of surviv-
al for many organisms. The long-term
destruction of the environment and
the disruption of the global ecosystem
might in the end prove even more devas-
tating for the human species than the
awesome short-term destructive effects
of nuclear explosions and their radio-
active fallout. The strategic policies of
both superpowers and their respective
military alliances should be reassessed
in this new light.
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The Microbial Origin of Fossil Fuels

Chemical analysis of the most varied organic sediments, including

coal and petroleum, reveals a surprising commonality: all derive

much of their organic matter from once unknown microbial lipids

by Guy Ourisson, Pierre Albrecht and Michel Rohmer

( :oal, petroleum and natural gas are
fossil fuels, but fossils of what?
And what processes transformed

the remains of living organisms into an-
thracite or Arabian crude? At one level
geologists and geochemists have had
answers to these questions for some
time. Coal originated in vast primeval
swamps, where the partial decay of dead
trees and plants formed thick beds of the
concentrated organic matter called peat.
Petroleum, on the other hand, began for
the most part as dispersed organic mate-
rial in the sediments of inland seas or
coastal marine basins; the sources of this
material were long thought to have been
plankton (which account for the bulk of
all living matter in the ocean) as well as
plant debris swept from the land by riv-
ers. Both coal and petroleum form only
if the organic matter is buried before
it can be completely oxidized to carbon
dioxide by microorganisms. As the car-
bon compounds sink deeper into the
earth under accumulating sediment they
are subjected to increasing temperatures
and undergo chemical reactions. Oxy-
gen and other elements are eliminated,
resulting in a mixture composed in the
case of petroleum and gas almost entire-
ly of hydrocarbons and in the case of
coal mostly of carbon.

Fossil fuels are thus the product of a
small but steady leak in the circulation
of carbon between the atmosphere and
the surface of the earth, a process domi-
nated by the uptake of atmospheric
carbon dioxide by photosynthesizing
organisms and the release of carbon di-
oxide by respiring plants, animals and
microorganisms. Actually fossil fuels
constitute only a small part of the or-
ganic matter that has been buried and
thereby escaped oxidation. Most of this
organic carbon (a term that excludes
carbonates such as limestone) is stored
in dilute form in sedimentary rocks; it
becomes concentrated in usable depos-
its only under certain geologic condi-

the quantity in all living organisms.

For the past 20 years we have been
studying the genesis of fossil fuels and
of all kinds of organic sedimentary de-
posits at a different level of detail: the
level of the molecule. Our goal has been
to determine the structure of individual
fossil compounds, to deduce the struc-
ture of their precursors in living organ-
isms and whenever possible to describe
the reactions the substance has un-
dergone in the sediment. Because each
type of organism synthesizes its own
characteristiccompounds, chemical fos-
sils whose carbon skeleton has survived
more or less intact serve as biological
markers, enabling investigators to esti-
mate the contributions of various forms
of life to a fuel or other deposit.

This field of study, which might be
called molecular paleontology, is still
relatively young, but already the work
has yielded interesting results. We have
found a striking similarity in hundreds
of sediment samples from throughout
the world: they all seem to be made up
principally of microbial cell debris. The
compounds in petroleum are derived
from precursors found in the cell mem-
brane of unicellular plankton and of
bacteria and other microorganisms that

inhabit the sea floor. In the case of coal
the conclusion is more tentative. Never-
theless, our analysis suggests that many
of the substances that can be extracted
from coal are not derived directly from
trees and higher plants but instead have
been reworked by bacteria and fungi
dwelling on the bottom of the swamp.

hen we began our work, we were

not optimistic about our chances
of reaching such a general conclusion.
The task before us was daunting. To an
organic chemist a crude oil or the or-
ganic extract of a sedimentary rock is
an appallingly heterogeneous mixture
of hundreds or even thousands of com-
pounds. Even when they can be separat-
ed in the laboratory, they are not always
easily identified. At the time, owing
largely to research sponsored by the
American Petroleum Institute, more
than 350 hydrocarbons (compounds
consisting solely of hydrogen and car-
bon) and about 200 organic compounds
containing sulfur had been identified in
crude oils, but nearly all of them had
relatively simple structures based on
fewer than 15 carbon atoms. These mol-
ecules are well known and are easily
recognized in an extract when they are
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GEOHOPANOIDS, derivatives of the hydrocarbon hopane (C3Hs2), have been detected
throughout the world in every sediment or fossil fuel that has been analyzed for them. The
structure of more than 150 of these fossil molecules has been determined; some of them are
shown here, with departures from the structure of the basic hopane molecule drawn in color.
The ubiquity of the fossils is evidence of their microbial origin. Biohopanoids such as bacte-

tions. The amount of carbon stored in
sediments since photosynthesis began
has been estimated at 10 quadrillion
(1016) tons, or roughly 10,000 times
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compared with samples available in the
laboratory. Determining the structure
of less familiar and more complex mole-
cules is harder, not least because the
possible configurations are much more
numerous. The simplest hydrocarbon,
methane (CHy), has only one possible
structure, whereas Cj3y molecules can
exist in hundreds of forms.

Yet it was the complex compounds
that we had to analyze, because their
structures reveal the most information
about their origin. Methane and graph-

ite (pure carbon) are totally uninform-
ative, because any organic compound
will decay into these substances when it
has been heated enough. The structure
of complex fossil molecules has been al-
tered the least and thus points most un-
ambiguously to the structure of the bio-
logical precursors of the molecules.
When we started our research, only a
few such compounds had been isolated.
Phytane (CyH o) and pristane (C ;9H 4),
branched-chain hydrocarbons built out
of five-carbon units, had been found in

many samples. This was not surprising,
because both compounds can easily be
derived from chlorophyll, the green pig-
ment present in all photosynthesiz-
ing plants. Several other complex sub-
stances had been identified, but they had
been found in only a few sources. Giv-
en the diversity of sedimentary environ-
ments and of possible source materials,
there was little reason to doubt that het-
erogeneity would be the rule.

The methods we use to isolate individ-
ual compounds are familiar to every or-
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riohopanetetrol, which has the formula C3;H404, are constituents
of the cell membrane of many modern species of microorganisms.
Some 15 biohopanoids are known; they were recognized in living mi-
croorganisms after their molecular fossils, the geohopanoids, were
found. In the schematic drawings each angle denotes a carbon atom.
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Each carbon atom has four bonds, and at angles where fewer than
four lines meet hydrogen atoms are implicit. Hatched lines represent
bonds extending below the plane of the molecule, double lines stand
for individual double bonds and circles for benzene rings. Isomeri-
zations (spatial rearrangements) are common at positions 17 and 22.
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ganic chemist. The first step is to extract
the organic matter, which makes up, to
pick a typical value, about 2 percent of
the mass of sedimentary rock. The ex-
traction is done with an organic solvent
such as ultrapure chloroform. Great
care must be taken at this stage and sub-
sequent ones to avoid contamination of
the material. The dissolved material is
poured on a silica gel in a glass column,
and the silica adsorbs the organic mat-
ter. Fractions of increasing polarity are
then drawn out of the silica by pouring
increasingly polar solvents through the
column. A polar molecule is one with
regions of opposite electric charge; in
water, for example, the hydrogen atoms
carry a positive charge and the oxygen
atoms a negative charge. A substance
is most likely to dissolve another sub-
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stance if it is of approximately the same
polarity. Water dissolves organic salts,
alcohols and acids because they contain
oxygen and are polar, but it does not
dissolve nonpolar hydrocarbons.

This process, called column chro-
matography, separates the extract into
saturated hydrocarbons (compounds
without double bonds between the car-
bon atoms), aromatic hydrocarbons
(those with benzene rings or similar
structures), alcohols (compounds with
hydroxyl, or OH, groups), carboxylic
acids (with COOH groups) and other
major fractions. Some of the fractions
can be further broken down by treating
them with a molecular sieve: an inor-
ganic substance such as a zeolite (a type
of silicate) with a fine-mesh structure. If
saturated hydrocarbons, for example.
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LEAK IN THE ORGANIC CARBON CYCLE has over hundreds of millions of years led to
the accumulation of organic matter in sedimentary deposits. The cycle begins with photosyn-
thesizing plants and microorganisms, which convert atmospheric carbon dioxide into organic
compounds. The plants themselves and their predators break down some of these compounds,
converting them back into carbon dioxide in the process called respiration. All but a tiny frac-
tion of the remaining organic matter is degraded by saprophytic microorganisms and anaerobic
bacteria when the larger organisms die. Microorganisms also rework organic material, synthe-
sizing their own compounds. Some microbial matter as well as some of the remains of higher
organisms escapes decomposition. Most of this material is in the form of the dispersed mixture
called kerogen, but under the right geologic conditions it accumulates and forms fossil fuels.

46

© 1984 SCIENTIFIC AMERICAN, INC

are treated with a molecular sieve that
has a mesh diameter of five angstrom
units, molecules with a straight chain,
which are about 4.5 angstroms in diame-
ter, enter the sieve and become trapped,
whereas the larger branched-chain and
ringed molecules are held back.

he next step in the analysis is gas

chromatography. Each family of
molecules is vaporized and mixed with
an inert (nonreactive) carrier gas such as
helium. The gas mixture flows through a
long, narrow capillary tube whose inner
surface is coated with a thin film of non-
volatile liquid. As the organic molecules
move through the tube, they are repeat-
edly retained and released by the liquid,
but not to the same degree: those with
longer carbon chains or more carbon
rings tend to be retained longer on the
average, because they are less volatile.
(Indeed, the largest molecules are re-
tained in the liquid solution for so long
that the temperature in the tube must be
raised gradually during the analysis in
order to drive them out.) Different sub-
stances thus emerge from the capillary
column at different times.

There are various ways to measure
the quantity of each substance, but in
our equipment, which combines a gas
chromatograph with a mass spectrom-
eter, the molecules are ionized by an
electron beam as they emerge from the
chromatography column. The magni-
tude of the resulting ion current is plot-
ted on a chromatogram, and each peak
generally indicates the proportion of
molecules with a particular number of
carbon atoms. The gas chromatogram
does not, however, reveal the structure
of a molecule, or even its mass. That is
where the mass spectrometer comes in.

The electron beam not only ionizes
the molecules but also breaks them into
fragments of various sizes. In the mass
spectrometer the electrically charged
fragments are focused into a concentrat-
ed beam by an electrostatic lens and
then channeled into a magnetic field.
The heavier the fragment is, the less it is
deflected by the magnetic field. The in-
tensity of the field is made to vary rapid-
ly, and when a fragment is deflected just
enough to pass through a thin slit and
strike the detector, the magnetic field
strength at that instant is a measure of
the mass of that fragment. Each peak
emerging from the gas chromatograph
yields a particular distribution of frag-
ment masses—a mass spectrum. Ideal-
ly each peak and each mass spectrum
correspond to a single compound, but
sometimes a peak may actually be a su-
perposition of several compounds with
similar structures, and this complicates
the task of interpretation.

A mass spectrum would be of little
help if it were not for the fact that car-
bon compounds tend to fragment in
characteristic ways, breaking at their
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ANALYSIS OF AN ORGANIC MIXTURE by a series of separa-
tion procedures elucidates the structure of individual compounds.
The mixture is first poured onto a column of adsorbent silica gel. Mo-
lecular families of increasing polarity are successively drawn through
the silica when solvents of increasing polarity are added to the col-
umn. The saturated hydrocarbons are separated further by means of
molecular sieves: minerals with a fine-mesh structure that admit the
narrow straight-chain hydrocarbons and turn back the branched and
cyclic molecules. Each fraction is vaporized, mixed with an inert car-
rier gas and channeled into the capillary tube of a gas chromato-

MASS SPECTRUM

graph. The bore of the tube is coated with a liquid that repeatedly
retains and releases the organic molecules. Larger molecules are re-
tained for longer periods and therefore take longer to move through
the column. Individual compounds emerge from the column at dif-
ferent times and are broken into ionized fragments by an electron
beam; the peaks of the ion current, plotted on the chromatogram,
measure the relative proportions of various compounds in the mix-
ture. In the magnetic field of the mass spectrometer the fragments
are separated by mass, because heavier fragments are deflected less.
The fragmentation pattern is a clue to the structure of a molecule.
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weakest links. The spectrometer also
measures the mass of the entire mole-
cule, because some molecules pass
through the electron beam and the rest
of the apparatus without being frag-
mented. The molecular mass together
with the fragmentation pattern provides
a firm basis for forming hypotheses
about the structure of the molecule.
These hypotheses must then be tested by
comparing the mass spectrum of the fos-
sil molecule with that of a known speci-
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GAS CHROMATOGRAMS of the saturat-
ed branched and cyclic hydrocarbon fraction
of two unrelated samples show surprising sim-
ilarities. The upper chromatogram was ob-
tained from a Lorraine coal between 250 and
300 million years old; the lower one comes
from a heavy crude oil about 150 million
years old from the Aquitaine basin. Because
of the difference in age and because the or-
ganic compounds in coal and petroleum were
thought to come from different sources, the
correspondence of peaks in the Cgy;-to-Csg
region was unexpected. Each peak represents
a hopanoid with a particular mass spectrum.
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men. If, as is usually the case, a speci-
men is not on hand, it must be syn-
thesized, a painstaking process that can
require several years of work.

The ultimate proof of a molecule’s
structure is obtained by means of X-ray
crystallography, which enables one to
construct a “picture” of the position
of each atom in a molecule. To grow
the perfect crystal needed for crystallo-
graphic analysis, however, one must first
isolate a relatively large quantity—a few
milligrams, say—of a pure compound.
This is very difficult, because the output
from a gas chromatograph of an indi-
vidual compound is on the order of
micrograms or even nanograms. As a
result we have been able to prove struc-
tural hypotheses with X-ray crystallog-
raphy in only two cases.

oon after we began analyzing fossil
fuels and sediment samples with
these methods totally unexpected reg-
ularities became apparent. Specifically,
the pattern of peaks in the Cg7-to-C3s
region of the gas chromatogram turned
out to be very similar for all samples. A
good instance of this surprising find-
ing was our comparison of two samples
completely dissimilar in both origin and
age: a coal from Lorraine and a crude oil
from Aquitaine [see illustrations on these
two pages). When we separated out the
fraction of branched and cyclic (or ring-
shaped) saturated hydrocarbons from
each sample, we found not only that the
chromatogram peaks corresponded but
also that corresponding peaks had iden-
tical mass spectra. In other words, the
substances producing the peaks in the
coal were the same as those in the petro-
leum. Furthermore, the mass spectra of
different peaks were similar in a way
that suggested we were dealing with a
homologous family of substances, the
members of which were derived from
some common ancestor. In particular
they were all dominated by a fragment
with a molecular mass of 191.

From the mass-spectrometry data we
were eventually able to identify the fam-
ily. Since then we and other investiga-
tors have analyzed thousands of sedi-
ment samples taken from all over the
world, from every type of sedimentary
environment and ranging in age from
recent topsoil to rocks more than 500
million years old. Every sample has
been found to include members of this
family, compounds related to one com-
plex molecule: hopane, a Cs pentacy-
clic (five-ring) triterpenoid. (Terpenoids
are a large class of biological molecules
synthesized from five-carbon units; they
include, in addition to the phytane and
pristane derivatives of chlorophyll cit-
ed above, steroids such .as cholesterol
and carotenoids such as beta-carotene,
an orange pigment common in carrots
and many other plants.) Hopane deriva-
tives—we named them hopanoids—are a
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highly diverse group. So far we have iso-
lated more than 150 different molecules
from sediments and fully determined
their structures. The ubiquity of sedi-
mentary hopanoids prompted one of us
(Ourisson) to offer, only half in jest, a
doctoral degree to any graduate student
who could find a sediment that does not
contain hopanoids—and explain why.

So far no one has accepted the of-
fer. As we shall explain below, other
complex organic substances have been
identified in sediments. Some are quite
widespread, but only the hopanoids are
ubiquitous. The precursors of these fos-
sils had to be equally universal.

When the importance of fossil ho-
panoids as sediment constituents
first became evident in the early 1970’s,
their precursors were not immediately
obvious, because hopanoids had been
detected in only a few species of liv-
ing organisms. They had been isolated
first from several trees and grasses and
particularly from ferns. That primitive
fernlike plants had contributed to the
formation of some coals was and is be-
yond question, but clearly none of the
trees and higher plants could account
for the presence of fossil hopanoids in
all sediments, particularly those of ma-
rine origin. Some simple hopanoids had
also been found in a few species of blue-
green algae and in one bacterium, and
C. W. Bird and W. W. Reid of Queen
Elizabeth College in London had sug-
gested these discoveries might explain
an early finding, by E. V. Whitehead of
the British Petroleum Company, of a
few hopanoids in one Nigerian crude.
Not only were these modern hopan-
oids too rare to explain the omnipres-
ence of fossil molecules in sediments but
also they all had either 29 or 30 carbon
atoms, whereas many fossil hopanoids
were Cgs or even Cgg compounds. It is
highly unlikely that these compounds
acquired additional carbon atoms after
deposition, and so the origin of sedi-
mentary hopanoids remained a mystery.
Then in 1973 Hans J. Forster and Klaus
Biemann of the Massachusetts Institute
of Technology and their co-workers,
who were studying a specific bacterium,
Acetobacter xylinum, for unrelated rea-
sons, isolated from it a C3s hopanoid.
The compound was called bacterioho-
panetetrol, the -tetrol suffix indicating
that it has four alcohol, or hydroxyl,
groups attached to a side chain in place
of hydrogen atoms. (An alternative
name is tetrahydroxybacteriohopane.)
Forster, Biemann and their colleagues
suggested two potential configurations
for bacteriohopanetetrol. The structure
they preferred would not have allowed
it to serve as a precursor of the known
fossil hopanoids, because that particu-
lar carbon skeleton had not been found
among the fossils. When we isolated
bacteriohopanetetrol in our laboratory,



however, we were able to show that the
other possible structure, which is com-
patible with sedimentary hopanoids, is
the correct one. Essentially we subjected
the compound to a chemical reaction
designed to simulate the degradation it
might undergo in sediment and showed
that the resulting compound was identi-
cal with a known sedimentary hopanoid.

We then began to look for bacterioho-
panetetrol in other microorganisms. It
turns out to be one of a family of highly
polar hopanoids, and we were able to
isolate C35 molecules that were poten-
tial precursors of fossil hopanoids from
about half of the many species of bacte-
ria and blue-green algae we analyzed.
In some bacteria we also found C34 ho-
panoids to account for the Cgzg fossils
we had already identified.

The wide distribution of biohopan-
oids explains the ubiquity of geohopan-
oids: the fossils are ubiquitous because
the ocean floor and the top layer of soil
on land are teeming with bacteria. When
organisms die, much of their organic
matter is broken down into simple mole-
cules by these enzyme-wielding bacte-
ria. Most of the organic matter is there-
by converted into gases such as carbon
dioxide, but the bacteria also rework
some of the simple components into
their own complicated molecules, in-
cluding hopanoids. As the bacteria are
buried under accumulating sediment,
they themselves die and decay. The ho-
panoids are buried progressively deeper
and are transformed by the action of
other microorganisms as well as by ther-
mal reactionscatalyzed by clay or other
minerals. Bacteriohopanetetrol, for ex-
ample, may be reduced to a hydrocar-
bon through the replacement of its hy-
droxyl groups by hydrogen atoms, or it
may be oxidized, its side chain thereby
being cut in various places. This is just
one of many chemical reactions, most
of them still understood only in general
terms, that produce the amazing array
of fossil hopanoids from a relatively
small family of biological molecules.

It was not merely the ubiquity of fossil
hopanoids that persuaded us of their
microbial origin. The C3q fossils, in fact,
could have come from higher plants. So
far, however, C3; biohopanoids have
been found only in microorganisms.
The one-to-five-carbon tail of many fos-
sil hopanoids is the most convincing evi-
dence of their microbial origin. To say
they are derived from microorganisms,
however, is to solve only half of the
problem. What role do hopanoids play
in living microorganisms? Since they are
so widespread, their role must be an im-
portant one, which raises an interesting
subsidiary question: Why did biohopan-
oids go undetected for so long?

To this last question there is a simple
answer: in their biological form hopan-
oids can be detected only if they are de-
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MASS

MASS SPECTRA of the five corresponding chromatographic peaks in the illustration on the
opposite page are identical, indicating that the peaks are produced by the same compounds in
the coal and the petroleum. The presence of fragments with a molecular mass of 191 is charac-
teristic of hopanoids, which tend to fracture at weak carbon bonds in their third ring. The peak

-farthest to the right in each case represents the mass of intact molecules that have escaped frag-

mentation by the electron beam. The molecular mass and the fragmentation pattern enable in-
vestigators to form a hypothesis about the structure of a molecule; the hypothesis must be con-
firmed by comparison with the mass spectrum of a known sample synthesized for that purpose.
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liberately looked for, and no one had
looked for them. Biohopanoids are diffi-
cult to isolate because they are amphi-
pathic lipids: one part of the molecule is
essentially a hydrocarbon and can be
dissolved in a nonpolar organic solvent
such as chloroform; the other part, the
carbon side chain, is loaded with hy-
droxyl or nitrogen groups, is therefore
polar and dissolves only in polar sol-
vents such as water or alcohol. As a re-
sult no single solvent will dissolve bio-
hopanoids. They can be extracted only
with a mixture of a nonpolar solvent
and a polar solvent, say chloroform
and methanol. Most fossil hopanoids, in
contrast, have had the polar oxygen or
nitrogen groups stripped from their side
chain and, since they are pure hydrocar-
bons, dissolve easily in a nonpolar sol-
vent. This explains why a broad class of
bacterial lipids could have been discov-
ered first through their fossils.

40 ANGSTROMS

The amphipathic structure of bioho-
panoids is also a clue to their function in
microorganisms. Cell membranes are
made up of amphipathic lipids. In an
aqueous environment these molecules
naturally form a closed membrane two
molecules thick, with their hydrophobic
hydrocarbon ends pointing toward each
other in the inside of the membrane
and their water-soluble ends pointing
toward the outside and the inside of the
vesicle. The hydrophobic end of the pri-
mary membrane lipids in most cells is
simply a pair of straight hydrocarbon
chains, but a membrane made up solely
of such molecules would be too flexible
and unstable. In the membranes of all
eukaryotic cells (nucleated cells, includ-
ing those of all higher organisms) some
of the straight-chain lipids are replaced
by cholesterol, an amphipathic lipid
whose four-ring structure makes it more
rigid and thus braces the membrane.
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AMPHIPATHIC LIPIDS, the main structural constituents of all cell membranes, have a hy-
drophilic (polar) head and a hydrophobic (nonpolar) tail. The membrane is formed from a bi-
layer of such molecules, with the hydrophilic heads pointing toward the aqueous environment
both inside the cell and outside it and the hydrophobic ends facing one another in the middle of
the membrane. In a typical membrane lipid, a phospholipid, the head is a phosphorylated glyc-
erol and the tail is a pair of highly flexible straight-chain hydrocarbons. In the eukaryotic cells
of higher organisms the fluid membrane is reinforced by more rigid, ringed cholesterol mole-
cules. The authors have found that biohopanoids, which have almost the same dimensions as
cholesterol and are also amphipathic, have the same function in many bacterial (prokaryotic)
membranes. Recognizable fossil steroids and hopanoids are abundant in sediments because
membrane lipids are plentiful in living cells and resist decay. The fossil molecules are often re-
duced, losing oxygen and gaining hydrogen; they may also be oxidized to acids or aromatics.
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Hopanoids serve the same purpose in
the membranes of prokaryotes (cells
without nuclei) such as bacteria and
blue-green algae, almost none of which
have been found to contain cholesterol.
Our first clues to this equivalence of
function were the similarities in struc-
ture between cholesterol and bacterio-
hopanetetrol and their almost identical
size. The conclusion has since been con-
firmed in our laboratory and by Karl
Poralla of the University of Tiibingen.

Furthermore, it appears likely, al-
though it has not been demonstrated,
that hopanoids are not only the structur-
al and functional analogues of sterols
but also their evolutionary precursors.
Both sterols and hopanoids are terpen-
oids, and the biosynthetic reactions re-
quired for their formation are funda-
mentally similar. There is, however, one
significant difference: sterols, like many
other essential constituents of eukaryot-
ic cells, can be formed only in the pres-
ence of free oxygen. The primitive at-
mosphere was anoxic, but the appear-
ance more than two billion years ago
of photosynthesizing blue-green algae is
thought to have led to the rise in oxygen
levels that was a precondition for the
later emergence of eukaryotes and other
aerobic organisms.

Although we have no direct evidence,
it is reasonable to believe that early
blue-green algae, like their present-day
relatives, had membranes reinforced
with hopanoids, and thateukaryotic ster-
ols are the evolutionary descendants of
these prokaryotic lipids. We have even
identified a substance that might have
been an intermediate between the two
molecular families: isoarborinol, a pen-
tacyclic terpenoid with structural simi-
larities to both hopanoids and sterols.
So far isoarborinol has been found only
in several sediments as well as in some
higher plants, but it may one day be iso-
lated from some uninvestigated bacteri-
um. These observations and others have
led us to a general hypothesis, which we
are still in the process of testing and
elaborating: that the function of rein-
forcing cell membranes is carried out in
all living organisms by polyterpenoids.

ther terpenoid fossils in addition to

hopanoids provide evidence of the
microbial contribution to the organic
carbon content of sediments. Steroids
are common in sediments, and some of
them may come from higher, sterol-con-
taining organisms. Many steroid fossils,
however, have an additional methyl
group in the ring bearing the hydroxyl
group, and these derivatives are usually
present only in trace amounts in eukary-
otes. Their common occurrence in sedi-
ments must therefore be due to microor-
ganisms. Geoffrey Eglinton of the Uni-
versity of Bristol has recently shown
that the most likely source of these mol-
ecules is the dinoflagellates, unicellular



planktonic eukaryotes found in both the
ocean and fresh water. Some of them,
however, may also come from methylo-
trophic bacteria, in which the oxidation
of methane is the basis for the synthesis
of organic molecules.

The methane that methylotrophic
bacteria thrive on is produced in part by
anaerobic bacteria in lower sedimenta-
ry strata. These methanogenic bacteria
have unusual membrane lipids: the po-
lar groups are connected to diterpene
(Cg0) and tetraterpene (Cy4p) branched-
chain hydrocarbons by an ether linkage,
in which two carbon atoms are connect-
ed by an oxygen atom. The branched
ethers yield fossils that are easily recog-
nized, in particular by the coexistence
in close proximity of Cgy and C4y mole-
cules. (The latter span the membrane,
thereby increasing its stability; meth-
anogens do not synthesize steroids, ho-
panoids or similar cyclic terpenoids as
membrane reinforcers.) Although so far
we have not been able to analyze many
samples containing such fossils, it is
highly probable they are as widespread
as hopanoids: the presence of methane
in every conceivable organic-rich, an-
aerobic environment suggests methano-
gens live in all sediments.

Hopanoids, steroids and branched
ethers—the inventory of microbial prod-
ucts we have identified in sediments is a
rich one. And we have not mentioned
many molecular fossils whose structure,
like that of isoarborinol, strongly sug-
gests a microbial origin but for which
precursors have yet to be found in liv-
ing organisms. One important question
remains: Do these complex molecules
constitute, in quantitative terms, a sig-
nificant portion of sedimentary organic
matter, or are they merely eccentricities
we happened to identify?

Consider first an example. A lignite
we studied from Yallourn in Australia
contained several hundred parts per mil-
lion of a single C3s hopanoid acid. That
may not sound like much, but it means
that a one-meter cube, weighing about
two tons, contains approximately one
kilogram of the acid, making it easily
the most abundant defined organic sub-
stance in the coal. Nor is the Yallourn
lignite a trivial deposit: it is an impor-
tant Australian export to Japan.

Moving to global evaluations, which
are always risky, we encounter a special
problem. Approximately 90 percent of
the 1016 tons of organic carbon estimat-
ed to be in sediments is in the form of
insoluble kerogen, the disseminated or-
ganic matter that through thermocata-
lytic reactions is converted into petro-
leum as sedimentary rocks sink into
the earth. Because kerogen is insoluble,
there is no easy way to determine its
content of microbial matter. According
to our analyses, however, hopanoids ac-
count for about 5 to 10 percent of the
earth’s 1015 tons of soluble organic car-
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METHANOGENIC BACTERIA have unusual membrane lipids: the hydrocarbon tails are
branched rather than straight and are connected to the polar head by ether linkages (-O-) rather
than the ester linkages (—-CO-0-) found in eukaryotes and most other bacteria. (X and Y repre-
sent hydrophilic groups.) The Cy lipids (fop) form an ordinary bilayer, whereas the Cy
molecules (bottom) span the membrane and strengthen it by acting like rivets. Although phy-
tane, a Cy fossil molecule, can also be derived from chlorophyll, the fossils of methanogen-
ic lipids are often recognizable by the coexistence of the Cy and the C4y compounds; in-
tact branched ethers have also been found in sediments. Given the ubiquity of methanogens,
their membrane lipids are probably an important contributor to organic sedimentary matter.

bon. By this estimate, which can hardly
be off by more than an order of mag-
nitude, the global stock of hopanoids
alone would be at least 1013 or 1014 tons,
more than the estimated 1012 tons of
organic carbon in all living organisms.
The molecular fossils of methanogens
might prove to be of equal importance,
but it is difficult to evaluate their input,
because the main source so far of these
fossils appears to be kerogen, from
which they must be painstakingly ex-
tracted with reactions specific to ethers.

Many of the simpler constituents of
crude oils and sedimentary extracts can
come from a number of sources and
therefore may also be microbial in or-
igin. The common straight-chain or
branched hydrocarbons of the methane
series are good examples. Others are
phytane and pristane, which clearly can
be derived from chlorophyll and there-
fore from plants or photosynthetic algae
but which can also be fossils of meth-
anogenic membrane lipids. A lot of in-
formation about the sources of fossil or-
ganic matter is lost as a result of two
processes: the thermal, clay-catalyzed
“maturation” reactions responsible for
isomerizations and for the breakdown
of complex molecules into simpler pe-
troleum hydrocarbons, and bacterial
degradation of organic compounds in
shallow deposits.

Ithough maturation reactions can
make the detective work of the mo-
lecular paleontologist more difficult,
they are also the source of the most im-
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portant practical application of such re-
search: its use in petroleum prospecting.
(This explains why the Société Natio-
nale Elf-Aquitaine, the French oil com-
pany, has supported our work.) If the
rate of a particular maturation reaction
(say an isomerization) is known as a
function of temperature, it can serve as
an indication of whether a given sedi-
mentary deposit has been heated to the
point where it is a potential petroleum
source rock. Moreover, when a petro-
leum reservoir has been found, the ex-
tent to which maturation reactions have
proceeded in the oil can be used to help
locate the source rock, which may be at
a considerable distance, and thus to
guide further drilling. The study of mat-
uraticn reactions is still in the early
stages, but the application of existing
knowledge to petroleum exploration
has already started, in particular by a
group led by Wolfgang K. Seifert of the
Chevron Oil Field Research Company
in Richmond, Calif.

The molecular makeup of kerogen is
one more important example of the ter-
ra incognita stretching before us. The
work so far has been rewarding. Where
chaos was expected, we have found
enough order to prove beyond doubt the
microbial origin of many of the impor-
tant constituents of fossil fuels and of
sedimentary organic matter in general.
It is also particularly gratifying that
our research has had resonances in oth-
er fields, leading us and other workers
to open new chapters in bacterial bio-
chemistry and biochemical evolution.
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A Superluminous Object
in the Large Cloud of Magellan

A giant nebula in this small galaxy close to our own holds

an object that is 50 million times brighter than the sun. If

it is one body, it is far more massive than any known star

by John S. Mathis, Blair D. Savage and Joseph P. Cassinelli

he mass of the sun (2 X 1033

grams) is a standard of measure-

ment for the mass of other celes-
tial objects. Until recently it was the
generally accepted view among astron-
omers that no star much more massive
than about 100 times the solar mass
could form. Now this view has been
challenged by the observations that
have been made of a superluminous
and possibly supermassive object in a
small galaxy close to our own: the Large
Cloud of Magellan. The object is desig-
nated R136. It is in the Tarantula Nebu-
la, which is also known as the 30 Dora-
dus nebula because it is in the south-
ern constellation Doradus. If R136 is a
single star, it could be as much as 1,000
times more massive than the sun.

Glowing gaseous nebulas are among
the loveliest and most impressive ob-
jects in the universe. The 30 Doradus
nebula is the brightest and largest gas-
eous nebula in the 30 or so galaxies of
the local group that includes our own
galaxy. It is of irregular shape and ex-
traordinary size. Whereas to the unaid-
ed eye the Great Nebula in Orion looks
like a fuzzy star, 30 Doradus covers an
area of the sky comparable to that occu-
pied by the sun or the moon, in spite of
the fact that it is more than 100 times
farther away than the Orion nebula.
Its diameter is about 1,000 light-years,
compared with the Orion nebula’s three.
Its gas is highly ionized: most of its at-
oms have lost one electron or more. In-
deed, it contains 1,500 times more ion-
ized gas than the Orion nebula. The ion-
ization must be the result of ultravio-
let radiation emitted by the massive hot
young stars embedded in the nebula.

R 136 is the brightest object in 30 Do-
radus. (The designation comes from a
catalogue of the brightest stars in the
Large Cloud of Magellan prepared by
Michael Feast, A. D. Thackeray and
A. J. Wesselink of the Radcliffe Obser-
vatory in South Africa.) It is near the
center of the nebula and is surround-
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ed by dozens of fainter stars, each of
which would ordinarily be considered
bright. The central object radiates about
a million times more light than the sun
at visible wavelengths and is another
factor of 50 more luminous when ul-
traviolet wavelengths are included. Be-
cause of its great luminosity, it may ac-
count for more ionization than any oth-
er object in the nebula.

n 1980 J. V. Feitzinger, Wolfhard
Schlosser, Theodor Schmidt-Kaler
and Christian Winkler of the University
of the Ruhr got excellent photographs
of R136 with the 3.6-meter telescope of
the European Southern Observatory in
Chile. They found that the object actual-
ly has at least three distinct components,
arranged in a curve resembling a com-
ma. The brightest component was des-
ignated R136a. R136b and R136¢c are
fainter, redder and probably cooler. The
German workers concluded that R136a
might be a star considerably more mas-
sive than the commonly accepted upper
limit for stellar masses.

The first visible-light spectra of R136,
obtained in 1950 by Feast at the Rad-
cliffe Observatory, indicated that the ob-
ject has a peculiar spectrum characteris-
tic of extremely hot stars. Later work by
Nolan R. Walborn of the Space Tele-
scope Science Institute, Peter S. Conti of
the University of Colorado at Boulder
and Dennis Ebbets of the Space Tele-
scope Institute confirmed that finding.

Stars with a surface temperature high-
er than 30,000 degrees Kelvin emit most
of their radiation at the shorter ultravi-
olet wavelengths that cannot penetrate
the atmosphere of the earth. Therefore
ultraviolet observations of R136a were
essential to an understanding of the ob-
ject, but they had to wait for the techni-
cal advances brought by the space age.
One such advance was the Internation-
al Ultraviolet Explorer satellite (1UE),
a space observatory operated jointly
by the National Aeronautics and Space
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Administration, the European Space
Agency and the Science Research Coun-
cil of the United Kingdom. With this
satellite ultraviolet spectra of R136a
were secured in 1978.

The satellite revealed a spectrum re-
sembling in many respects that of the
hottest normal stars known, type O3.
(The O designates the hottest spectral
class. The lowest associated numeral
designates the hottest star in a class. No
O1 or O2 stars have been defined.) It
was Walborn who first recognized the
O3 stars as a distinct type. They have a
surface temperature estimated at 50,000
degrees K. and are among the most lu-
minous stars known.

The ultraviolet spectra of R136a
show what are called P Cygni lines, after
a highly luminous star in the constella-
tion Cygnus. At ultraviolet wavelengths
such lines often originate with highly
ionized atoms of carbon, oxygen and ni-
trogen: CIV,OIV,OV,NIVand N V.
(The Roman numerals specify the num-
ber of electrons removed plus one; for
example, C IV is carbon with three elec-
trons removed.) The P Cygni lines have
a peculiar profile: they look like an ab-
sorption line on the short-wavelength
side of the rest wavelength and like an
emission line on the long-wavelength
side. The rest wavelength is one that
would be emitted by an object at rest
with respect to the observer, and so the P
Cygni lines imply that the object is los-
ing mass in the form of an envelope of
gas being expelled from it as a stellar
wind. The gas on the far side of the ob-
ject from the observer is going away
from him, so that the wavelengths of its
emissions are lengthened; the gas on the
observer’s near side is coming toward
him, so that the wavelengths of absorp-
tion are shortened.

The velocity of the outflow of matter
from R136a can be estimated from the
profile of the P Cygni lines. In particular
the wavelengths of the absorption on the
short-wavelength side of the C IV line



extend 18 angstrom units from the rest
wavelength of the line. This indicates
that matter is moving away from R136a
at a velocity of 3,500 kilometers per sec-
ond. The stellar wind of R136 is best
described as a hurricane; for a normal
hot star the average wind speed is about
2,000 kilometers per second. Only type
O3 objects exhibit a wind speed as high
as that of R136a.

he high surface temperature of

R136a is implied by the high state of
ionization of the matter in its atmos-
phere. As the temperature of a star rises
its outer layers become more highly ion-
ized because of the increasing number
of energetic photons in its radiation and
also because collisions between parti-
cles become more violent. Thus the
presence of some ions and the absence
of others as represented in a star’s spec-

AREA OF THE OBJECT R136 appears in this computer-processed
photograph made at visible wavelengths. The area is near the center
of the Tarantula Nebula (also known as 30 Doradus because it is in
the southern constellation Doradus). The photograph indicates that

trum are diagnostic of temperature. For
R136a the presence of lines representing
C 1V, OV and N V and the absence of
lines for SiIV (triply ionized silicon) im-
ply a surface temperature in the range
from 45,000 to 80,000 degrees K. In a
cooler atmosphere there would be con-
spicuous lines of Si III and Si I'V.

The ultraviolet spectrum of R136are-
sembles that of O3 stars except for the
exceptionally strong and broad emission
line of singly ionized helium (He II) near
a wavelength of 1,640 angstroms. Al-
though some O3 stars show He II emis-
sion, none exhibit a line as strong and
broad as R136a’s. It is noteworthy, how-
ever, that the peculiar objects known
as Wolf-Rayet stars show exceptionally
strong He II emission because of their
massive stellar wind. These hot stars are
thought to be in a stage of evolution
more advanced than that of normal O
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stars. The similarity of the spectrum of
R136a to the spectra of both O3 and
Wolf-Rayet stars suggests it might even
be produced by a collection of stars of
both types.

The extreme nature of R136a be-
comes evident when one considers the
number of “normal” stars that would be
needed to reproduce its spectrum. For
example, R122 is the most luminous
normal star in the Large Cloud of Ma-
gellan, being three times as bright as the
next brightest star in that galaxy. It is
three million times more luminous than
the sun; most of the other supergiant
stars are only 500,000 times more lumi-
nous. R122 has an O3 spectrum rough-
ly resembling that of R136 but with
weaker He Il emission. To get the R136a
spectrum from a group of normal stars
would call for about 13 stars like R122
or about 40 less luminous O3 stars plus

R136 has at least three components. The brightest one is the irregu-
lar, predominantly blue area at the center right; it has been designat-
ed R136a. Immediately to its left is R136b, which is about 20 per-
cent as bright as R136a. The reddish area at the lower left is R136c¢.
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20 Wolf-Rayet stars of normal bright-
ness. O3 stars are exceedingly rare;
only four are known in the entire Large
Cloud of Magellan and only 10 in our
own galaxy. All these presumably rare
objects would have to be packed into
a volume with a diameter of one light-
year or less.

In terms of stellar evolution it is not
too unreasonable to suppose a mixture
of O3 and Wolf-Rayet stars could be
identified; indeed, such a mixture exists
in the giant nebula in our own galaxy
called the Carina Nebula. The four O3

stars in the Carina Nebula, however,
extend in space over a distance of 10
light-years.

ne can try to determine the nature of
R136a by studying the structure

of the R136 region on photographs
made with telescopes on the ground.
The main trouble with this approach is
that the earth’s atmosphere blurs the
image. Nevertheless, at a time of excel-
lent “seeing” last year Y. H. Chu of the
University of Wisconsin at Madison
made photographs of the inner region

of 30 Doradus in order to sort out the
types and numbers of stars near R136.

Many hot stars lie within several min-
utes of arc of R136, and Jorge Melnick
of the University of Chile had identified
several of them as stars of type O3. Chu
has carefully analyzed many images of
the R136 region and has concluded that
within the R136a component, which has
a diameter of only three seconds of arc,
one can identify at least four stellar ob-
jects. Unfortunately the instruments of
the International Ultraviolet Explorer
can resolve individual stars only if they

LARGE CLOUD OF MAGELLAN was photographed with the 61-
centimeter Schmidt telescope at the Cerro Tololo Inter-American
Observatory in Chile. The Large Cloud, which is visible only from
the Southern Hemisphere, is the galaxy closest to our own. The 30
Doradus nebula is the pink area at the center left. The nebula har-
bors many massive stars hot enough to ionize the interstellar gas;
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they radiate most of their energy at short wavelengths and appear
blue in the photograph. The red patches are ionized gas emitting the
red Balmer line of hydrogen in the visible region of the spectrum.
The 30 Doradus nebula is the largest such object in the entire lo-
cal group of galaxies. Some 1,000 light-years in diameter, it occupies
an area in the sky that is approximately a third as large as the sun.
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are separated by at least three seconds
of arc, and so the spectra from the sat-
ellite include contributions from all
sources of ultraviolet radiation in the
R136a area. Chu has labeled the domi-
nant source R136al. It is this object that
is now the candidate for a superlumi-
nous star. Chu has also identified a faint-
er point source, R136a2, about .5 arc-
second from al.

A technique that can be exploited to
determine the details of an image dis-
torted by the earth’s atmosphere is
speckle interferometry. The technique

consists in making hundreds of very
short exposures in rapid succession.
Each exposure shows the image when
the atmosphere is in a definite (but un-
known) state. By applying certain math-
ematical procedures to the individual
images the investigator can extract the
true structure of the image almost as
well as the mirror of the telescope
could resolve it if the telescope were
above the atmosphere.

Gerd Weigelt of the University of Er-
langen-Nuremberg applied this tech-
nique to images of R136al made with

the European Southern Observatory’s
3.6-meter telescope. At about the same
time John Meaburn of the University
of Manchester and his colleagues got
somewhat different results with the 3.9-
meter Anglo-Australian telescope in
Australia. Presumably the difference
arises from the way the two groups ana-
lyzed the images.

The speckle-interferometry results
agree on the fact that R136a1 consists of
a dominant unresolved object with sev-
eral fainter objects close to it. Meaburn
believes nothing else in the area is of

CLOSE VIEW of the inner region of the 30 Doradus nebula was ob-
tained by John Wood with the four-meter telescope at the Cerro To-
lolo Observatory. R136 is the tight knot of stars at the center of the
photograph. Although it is some 50 million times more luminous than
the sun, it is dimmed by interstellar dust. Ultraviolet radiation from
R136 ionizes much of the gas in the nebula. R136a and other nearby

stars emit powerful stellar winds that have presumably pushed the
gas into the arclike surrounding structure visible in the photograph.
The central object is either the most massive star known or an ex-
tremely dense cluster of massive stars. The data obtained so far by
observations from the ground and from the International Ultravio-
let Explorer satellite do not rule out either of these two hypotheses.
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ULTRAVIOLET FLUX (ARBITRARY UNITS)

1,200 1,300 1,400

ULTRAVIOLET SPECTRUM of 136a obtained by the Internation-
al Ultraviolet Explorer satellite reveals the unusual nature of the ob-
ject. The intensity of the ultraviolet radiation is plotted against wave-
length. The notable emission and absorption features associated with
R136a are indicated by the symbols above the spectrum; absorption
lines resulting from intervening stellar gas are marked below the spec-
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trum. The symbols above the spectrum represent multiply ionized
atoms: nitrogen, oxygen, iron, carbon and helium. The most promi-
nent features are C IV, He II and N IV, (The Roman numerals are
one higher than the number of electrons removed in ionization.) The
spectra of these ions have a profile characteristic of P Cygni, a lu-
minous star in the constellation Cygnus: absorption is shifted to short-
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HIGHER RESOLUTION of the spectrum of R136a was obtained
with the high-resolution spectrograph of the International Ultravio-
let Explorer. The spectrum resolves wavelength to within .1 angstrom
unit, a resolution about 70 times higher than that in the spectrum in
the upper illustration. Here the focus is on a line in the spectrum of
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CIV: triply ionized carbon. Various narrow absorption lines that orig-
inate in the interstellar gas of our own galaxy (LG, for local galaxy)
and of the Large Cloud of Magellan (LCM) are marked. The broad C
1V feature at the right, originating in R136, is an absorption line at
shorter wavelengths and an emission line at longer ones. The absorp-
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er wavelengths and emission to longer ones.
The high degree of ionization implies a high
temperature for the object or objects gener-
ating the spectrum. The P Cygni profiles im-
ply that R136a is losing mass in a powerful
stellar wind. The spectrum centers on R136a.

1.560

1.570

tion at shorter wavelengths implies, on the ba-
sis of the Doppler effect, that matter is flow-
ing outward from R136 at the high velocity
of 3,600 kilometers per second. The spectrum
is a profile of the characteristic P Cygni type.

comparable brightness, but Weigelt
maintains that a second unresolved ob-
ject is about .5 arc-second away (in the
same position where Chu had placed
R136a2) and is about a fifth as bright
as R136al at visible wavelengths. In
addition Charles E. Worley of the Unit-
ed States Naval Observatory has con-
firmed the position of R136a2 by visu-
al observation. We therefore believe
the reality of R136a2 has probably
been established.

Weigelt’s speckle-interferometry re-
sults suggest that the morphology of
R136 is even more complex. He finds
another component, which Chu calls a3,
only .1 arc-second from al—too close
for Chu to resolve it. The speckle-inter-
ferometry results do not help much in
determining relative brightness, but a3
seems to be comparable to a2, that is, it
is about a fifth as bright as al. All ob-
servers who have been studying R136
from the ground agree that there is also
a background of still fainter stars within
its three-arc-second image.

With Weigelt’s results Chu was able
to estimate the relative brightness of the
three components. The light from the
dominant component, al, is equivalent
to that from six stars like R122 or per-
haps 20 of the more typical O3 stars.
According to Weigelt, the angular diam-
eter of al is no more than .08 arc-sec-
ond, or about 24 light-days. By astro-
nomical standards that is a small region.
For example, the star nearest the sun is
four light-years away. Nevertheless, the
radius of the 24-light-day volume is 55
times the distance from the sun to Pluto.
In that space there is certainly room for
six stars or even 20.

Is R136al a single star six times more
luminous than any now known or is
it a cluster of stars that are individual-
ly like, say, R122? The question is of
great interest because either hypothesis
extends astronomy to objects of larger
mass and greater luminosity than any-
thing now recognized.

If R136al is a single star, it must have
a mass of between 400 and 1,000 solar
masses, making it at least twice as mas-
sive as any previously known star. The
estimate of mass comes rather directly
from luminosity. The outer layers of
the atmosphere of a star must be held
down by gravity against the pressure of
the emerging radiation. The minimum
mass for a star of a given luminosity
was established by the British astron-
omer A. S. Eddington some 60 years
ago. A star cannot violate the Edding-
ton limit and be in even approximate
mechanical equilibrium.

In 1970 Franz D. Kahn of the Univer-
sity of Manchester showed that very
massive stars may not be able to form
out of the clouds of cold gas and dust in
which all stars originate. The problem
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is that as the cloud collapses, the densi-
ty in the center increases much faster
than the density in the outer regions.
The core heats up, its dust grains are
sublimated and its gas is ionized. It be-
comes a luminous, continuously grow-
ing object, radiating away approximate-
ly half of the gravitational energy con-
verted into heat in its collapse. The
result is a protostar surrounded by a
dust-free zone surrounded in turn by a
dusty shell.

In the dusty shell the light and the ul-
traviolet radiation from the protostar
are converted into infrared radiation
characteristic of the lower temperature
at which dust can exist (about 1,000 de-
grees K.). The infrared radiation is ab-
sorbed in the outermost parts of the col-
lapsing cloud, where the infalling gas
and dust are only loosely bound by grav-
ity. The outward-directed momentum
of the absorbed radiation tends to re-
verse the infall of the dust grains. The
now outflowing dust in turn drags along
its gas. The growth of the star stops.

Hence there is an upper limit (only 40
solar masses in Kahn’s original paper)
on the central-star mass that will allow
mass to continue falling inward. The
Kahn model is sensitive, however, to the
properties assumed for the dust, as one
might suspect from the central role dust
plays in the reversal of flow. Our Uni-
versity of Wisconsin colleague Mark G.
Wolfire has shown that if Kahn had as-
sumed a dust-sublimation temperature
of 2,000 degrees K. instead of 3,600, the
upper limit on the mass of the protostar
could have been raised to about 1,000
solar masses, keeping all the other ap-
proximations of the model unchanged.
The lower sublimation temperature is
reasonable; Edward P. Ney and his col-
leagues at the University of Minnesota
have found that in the expanding shell
of gas around a nova dust condenses
when the gas cools to a temperature of
about 2,000 degrees. There are also
other processes for the destruction of
grains, such as collisions with helium at-
oms as the dust is pushed through the
gas by radiation, that could make the
collapse of a larger mass possible.

he original dust content per gram of

the protostellar cloud is also impor-
tant. In our own galaxy the ratio of dust
to gas in interstellar matter tends to be
large in the central plane and in regions
of the galaxy closer to the center than
the sun is. Toward the outer regions of
the galaxy, however, the abundance of
dust decreases.

A supermassive star would be unlike-
ly to form in a region that has a large
amount of dust, since radiation pressure
pushing against the dust would tend to
prevent the necessary collapse of a large
dust cloud. The ratio of dust to gas near
30 Doradus has been found to be about
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P CYGNI SPECTRAL PROFILE is formed in the expanding atmos-
phere (the stellar wind) surrounding a star that is losing mass (a). The
shortward-displaced absorption (the decreased flux of radiation at
wavelengths shorter than )\(, the wavelength of the line if the at-
mosphere were not expanding, as shown in b) is caused by photons
scattered out of the line of sight by ions in the blue region on the near
side of the star. In a spherically symmetrical outflow every photon
scattered out of the line of sight is matched by one scattered into it by
ions in the red emission lobe. Photons scattered toward the observer
from behind the star (black region) are not seen because they are
blocked by the star. The wavelength at which scattered light appears
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in the spectrum depends on the angle between the outward direction
of the stellar wind at the point of scattering and the position of the ob-
server. Some of the ions in the emission lobe have a component of
velocity away from the observer, so that the light they scatter is shift-
ed toward the longer wavelengths; some have a component of velocity
toward the observer and are shifted toward the shorter wavelengths.
The P Cygni profile (¢) results from a combination of three effects:
scattering out of the line of sight from the blue region, scattering into
the line of sight from the red region and the absence of photons from
behind the star. The P Cygni profile of C IV of R136a has a large
shortward-displaced absorption, indicating wind of very high velocity.
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a third of the ratio in the neighborhood
of the sun. It is therefore not unreason-
able to suppose a star of 400 or more
solar masses could have formed in the
30 Doradus region.

The structure of a star is determined
by several balancing processes, such
as an equilibrium between the inward
force of gravity and the outward force
provided by pressure. In a very massive
star the rate at which nuclear energy is
generated is quite sensitive to the tem-
perature at the center. Slight perturba-
tions have a tendency to grow. In ad-
dition the pressure at the center is pri-
marily the pressure not of gas but of
radiation. A star supported entirely by
radiation can easily be dispersed; in
fact, with radiation and gravity in bal-
ance it can disperse without any further
input of energy. It is only the small frac-
tion of the pressure arising from the
thermal motion of the gas that stabiliz-
es the massive star. Calculations have
suggested that stars more massive than
about 60 suns might be dispersed by in-
ternally driven pulsations.

Exceptionally massive stars can be
described mathematically in a fairly
simple way. In 1962 Fred Hoyle of the
University of Cambridge and William
A. Fowler of the California Institute of
Technology derived the relevant equa-
tions. (They were interested in objects
that might have a mass of up to a million
solar masses, which they had proposed
to explain the recently discovered quasi-
stellar objects, or quasars.) The interior
of a massive star is well mixed by rising
and sinking convection currents. In a
star smaller than 60 solar masses the in-
terior mixing can lead to a change in
chemical composition from the interior
layers, where energy is transported by
convection, to the outer layers, where
energy is transported by radiation.

André Maeder of the Geneva Obser-
vatory has shown that stars larger than
60 solar masses should be almost ho-
mogeneous because their outer layers
are removed rapidly by stellar winds. In
such a star evolution proceeds straight-
forwardly. At the beginning the star’s
nuclear fuel is hydrogen, which in the
course of thermonuclear burning is con-
verted into helium. The composition
of the star therefore gradually changes
from being about 70 percent hydrogen
to being primarily helium. In the process
a homogeneous star decreases in radius
and increases in temperature. Stars of
lower mass, in contrast, evolve from rel-
atively compact hydrogen stars to cool-
er and larger giant stars. The surface
temperature of a massive star increases
from about 60,000 degrees K. to about
90,000 degrees as it ages and becomes a
helium star.

The absence of the usually strong Si
IV lines in the ultraviolet spectrum of
R136al is evidence for a gas tempera-
ture consistent with the hypothesis that
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ULTRAVIOLET FLUX of R136a is charted (upper curve) as it is measured from above the
earth’s atmosphere. The range of wavelengths was observed by the International Ultraviolet
Explorer spectrometer, and the reading was corrected for attenuation by dust in our galaxy
and the Large Cloud of Magellan. For comparison the flux distribution of R122, a type O3 star
at the same distance as R136a, is also shown (lower curve). The spectral lines are similar ex-
cept for the helium-ion line (He II) at 1,640 angstroms. R136a is, however, about 13 times

brighter than R122, which is the most luminous

the object is a single star. One might
expect, however, that a very massive
star would be variable in its output of
light (and thus unstable) because of the
marginal stability of its internal struc-
ture. Richard Stothers of the Institute
for Space Studies of NASA has inves-
tigated several processes that can in
principle bring about stability in such a
star. They include high-speed rotation
and the entanglement of lines of force
in interior magnetic fields. Assuming
processes of this kind to be at work
in R136al, the ultraviolet spectroscopic
data are consistent with the single-star
hypothesis. The data do not, however,
rule out other possibilities.

Anthony F. J. Moffat of the Universi-
ty of Montreal and Wilhelm Seggewiss
of the Hoher List Observatory in West
Germany believe R136al is a tight clus-
ter of stars, each of a mass comparable
to the mass of stars already known.
Probably the most massive individual
stars known today are R122 and Eta
Carina, an unstable object surrounded
by a thick cloud of dust. Stellar theory
predicts that each of these stars has
about 200 times the mass of the sun. As
we have pointed out, a cluster supply-
ing the energy of R136al would require
at least six R122’s within a remarkably
small volume.

That hypothesis raises two questions.
Would not the first star, as soon as it had
formed, prevent the formation of others
by heating the collapsing gas? How can
so much gas get into such a small vol-
ume without having collapsed earlier?
To date these questions have no an-
swers, but the same thing can be said of
many other puzzles associated with the
formation of stars.

Chu’s visible-light images indicate
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“normal” star in the Large Cloud of Magellan.

that the bright component, R136al, is
near the center of a compact cluster
of stars. This observation raises the in-
teresting possibility that R136al has
formed as the consequence of the dy-
namical evolution of a star cluster. In
regions with a high density of stars grav-
itational encounters between stars can
result in the evaporation, or loss, of low-
mass stars, causing the cluster to shrink.
Eventually supermassive stars or small
groups of supermassive stars might be
created by the actual physical coales-
cence of stars in such encounters. The
theory of the dynamical evolution of
clusters has received considerable atten-
tion in recent years because of its pos-
sible application to the theory of the
origin of the peculiar luminous objects
found in the nucleus of galaxies. It is
exciting to think R136al might repre-
sent an example of stellar coalescence in
a galaxy next door to our own.

So far we have discussed R136al with
the implied assumption that the ob-
ject burns hydrogen like an ordinary
star. Perhaps we should consider cer-
tain more exotic possibilities. For exam-
ple, if black holes exist, the interstel-
lar matter spiraling into one of them
would form an accretion disk. The
process would generate large quantities
of radiation, giving rise to the kind of
brightness observed in R136al. Anoth-
er exotic possibility is the spinar, a rotat-
ing mass of ionized and magnetized gas
that has been put forward as an explan-
ation of the large quantities of radia-
tion emitted by quasars.

Our strongest reason for not propos-
ing such hypotheses for R136al is that
the observational data now available
can be explained by a fairly straight-
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forward extrapolation from massive
hydrogen-burning stars on the main
sequence of stellar evolution. The dis-
tribution of energy output across the
spectrum of R136al does not perfect-
ly match current theoretical models of
other stars, but the differences are no
worse than those encountered with the
luminous type-O stars and are proba-
bly due to the effects of massive stellar
winds. The velocity of the R136al wind
is high, but it is not out of line with that
of the wind from ordinary O3 stars. The
rate at which R136al loses mass is huge
(one earth mass per week), but even that
is in line with an extrapolation from
type-O and Wolf-Rayet stars. Finally,
one would expect black holes and other
exotic objects to give rise to a large flux
of X rays. Knox S. Long, Jr., of Johns
Hopkins University, working with the
Einstein observatory satellite, has ob-
served X rays from objects in the center
of 30 Doradus. Although the X-ray out-
put from R136a and its environment is
large (equivalent to about 100 times the
total energy output of the sun), it too is
not significantly out of line with an ex-
trapolation from O stars.

Whatever the true nature of R136a is,
it is almost certainly not a unique object.
In our galaxy there is a giant ionized
region (NGC 3603) with a luminosity
about a seventh that of 30 Doradus.
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Walborn first noted the strong similarity
between the core object of NGC 3603
and R136a. Perhaps the former is a
scaled-down version of the latter.

One must go to galaxies beyond the
Large Cloud of Magellan to find objects
that rival the 30 Doradus nebula. Frank
Israel of the Leiden Observatory and
others have studied the largest nebulas
in galaxies out to about 25 million light-
years. Within that volume are a few spi-
ral galaxies with notably active regions
where hot, massive stars are forming
and the associated ionized nebulas can
be perceived. Israel lists seven other gal-
axies, all at least 10 million light-years
away, with nebulas more luminous than
30 Doradus. The most spectacular is the
galaxy M 101, which harbors four nebu-
las that are more than five times as lumi-
nous as 30 Doradus. One of them is
NGC 5461, the most luminous nebula
known; it is the equivalent of 11 nebulas
like 30 Doradus. Little is known about
the sources that excite these huge gas
complexes; they are about 10 times far-
ther away than 30 Doradus, meaning
that the earth receives only about a hun-
dredth as much radiation from their in-
dividual stars as it does from the stars of
30 Doradus.

Philip L. Massey and John B. Hutch-
ings of the Dominion Astrophysical Ob-
servatory in British Columbia have
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worked with the International Ultravi-
olet Explorer satellite to examine the lu-
minous stars in the large ionized regions
of the spiral galaxy M33 in the local
group of galaxies. Six of the seven ob-
jects they studied have ultraviolet spec-
tra quite similar to R136a’s. Unfortu-
nately M33 is 10 times farther away
than R136, so that it is impossible to tell
whether the spectra represent superlu-
minous stars or highly compact groups
of stars with normal characteristics.

The Space Telescope that is to be
launched by NASA in 1986 should
help to clarify the uncertainties about
the physical nature of R136a. With an
angular resolution 10 times better than
can be achieved from the ground and
with ultraviolet-spectroscopic capabili-
ties, the Space Telescope will determine
the relative ultraviolet brightness of the
various components of R136a. The
high stability of the telescope for pur-
poses of measurement will make possi-
ble a careful search for variability in
R 136a. The detection of such variabil-
ity would limit the range of possible
explanations for this bizarre object. The
telescope will also be employed to study
the central objects of other supergiant
nebulas beyond 30 Doradus. It may
turn out that objects as unusual as
R136a lie-at the core of most giant ion-
ized regions in other galaxies.

ULTRAVIOLET IMAGE of a distant gal-
axy, the supergiant system M101, was made
from a high-altitude rocket in a project car-
ried out by T. P. Stecher and R. C. Bohlin of
the Goddard Space Flight Center of the Na-
tional Aeronautics and Space Administration.
The image emphasizes the hot stars that ion-
ize the gas around them. In the accompany-
ing map the four leaders point to nebulas that
are all at least five times imore luminous than
30 Doradus. The nature of the sources that
excite the radiation of these nebulas is not
clear. Moreover, it is difficult to determine be-
cause of their distance (about 20 million light-
years). The spectra obtained by the Interna-
tional Ultraviolet Explorer nonetheless sug-
gest that the four sources resemble R136a.
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doing in a place like this?

Research.

A Kodak experiment, performed
aboard Spacelab- 1 in outer space, may
lead to a clearer understanding of how
to modify and control the surface
propetties of fluicls. This knowledge
supports the science that is vitally
important to Kodak in coating photo-
graphic products and electronic and
optical media.

The experiment marked a series of
firsts. It was performed aboard the first
flight of the Earth-orbiting Spacelab,
and it was the first experiment by an
industrial laboratory. In addition, it
was the realization of Dr. John Paddays
seven-year dream to study and mea-
sure the weaker electrical and inter-
molecular forces that control the shape
and motion of liquids—forces almost
impossible to observe in the presence
of Earth’s gravity. Dr. Padday is head of
the Interface Science Laboratory at
Kodak Limited in England.

The Kodak experiment shared a
fluid-physics module with other inter-
national experiments. Conducted
© Eastman Kodak Company, 1984

Operation of the Spacelab-1 experiment
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Injected fliid forms a liquid bridge
between two discs. A data camera records
liuitd shapes vhtained by drawing discs
apart at precise increments.

twice during Columbia’s 10-day mis-
sion, our experiment began with an
injection of fluid to form a liquid
bridge between two discs of unequal
diameter. As the two end plates (one
titanium and one aluminum ) were
drawn apart, scientists recorded the
liquid’s protean behavior using time-
lapse photography.

We expect our experiment aboard
Spacelab to provide the scientific
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community with a much clearer per-
ception of how liquids are attracted
to solids and give us new data on the
forces of attraction between liquid
molecules that give rise to cohesion.

While only a preliminary analysis
has been made of data retrieved, one
outcome is most exciting. The capil-
lary shapes obtained during flight
correspond to disjoining pressures that
are Y%o000 of the smallest ever measured
before.

So dont be surprised if Kodak turns
up in more unlikely places, because
our quest for knowledge to improve
our products is boundless.

To find out more about our experi-
ment, send for the free brochure “Fluid
Physics in Space!” Write: Eastman Kodak
Company, Dept. LCSA-2, 343 State
Street, Rochester, NY 14650.
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Kodak.Where technology anticipates need.




SCIENCE AND THE CITIZEN

Son of MX
“Politics makes strange bedfel-

lows,” goes the old saw. No issue

in contemporary American poli-
tics has brought together an odder as-
sortment of backers than the plan to
build a new land-based strategic missile,
known variously as Midgetman, Singlet
or sicBM (for small intercontinental bal-
listic missile). Politicians of both parties,
liberals and conservatives, proponents
and opponents of greater emphasis on
arms control, have all found their own
reasons to approve of the proposed sin-
gle-warhead missile. The widespread
support for the new weapon contrasts
sharply with the repeated clashes in
Congress and elsewhere over the MX
missile, the other major part of the Rea-
gan Administration’s program for the
“strategic modernization” of the U.S.
land-based ballistic-missile force.

In retrospect it seems clear that the
seed from which Midgetman sprang was
planted more than a decade ago, when
the U.S. decided to reequip its existing
force of Minuteman 1cBM’s with highly
accurate MIRV’s (multiple independently
targetable reentry vehicles). As oppo-
nents of the decision predicted at the
time, the U.S.S.R. promptly followed
suit by pushing ahead with its own MIRV
program, which in due course came to
be perceived as threatening to the U.S.
land-based missile force.

The initial response of the U.S. to the
“window of vulnerability” said to be
opened by the new generation of Rus-
sian MIRV’s was the MX: the giant, 10-
warhead 1cBM that has been a focus
of controversy throughout most of the
Carter and Reagan administrations. The
MX was originally intended to be de-
ployed in a mobile “basing mode” in
order to increase its chances of surviv-
ing a preemptive “counterforce” strike
by the U.S.S.R. and thereby lessen the
confidence of Russian military planners
in the efficacy of such an attack. The
inability of both administrations to find
a politically acceptable basing mode for
the MX finally led President Reagan to
appoint aspecial Commission on Strate-
gic Forces, headed by Brent Scowcroft,
a retired Air Force general.

Confronted with the failure to close
the window of vulnerability by their ini-
tially preferred method (by deploying
the MX in a clearly “survivable” basing
mode), the members of the Scowcroft
Commission in effect disposed of this
much-heralded threat by simply ac-
knowledging in their 1983 report what
critics of the MX program had been
stressing for years: the inherent implau-
sibility of a preemptive strike by the
U.S.S.R. on the land-based missile force

62

of the U.S. in the face of the unques-
tioned deterrent value of the rest of
the U.S. strategic arsenal, particularly
submarine-launched ballistic missiles.
Accordingly the commission members
were able to recommend as part of the
current program the immediate deploy-
ment of 100 MX missiles in existing
Minuteman silos, where they would of
course be no less vulnerable than the
missiles they were designed to replace.

In a seeming contradiction, however,
the report of the Scowcroft Commission
went on to advocate a continued pursuit
of the long-term goal of “I1CBM surviva-
bility,” calling simultaneously for the
development of a small, single-warhead
ICBM, to be deployed in the 1990’s, and
for further investigation of the entire
question of 1cBM basing, with particular
emphasis on mobile basing in “hardened
vehicles.” The Reagan Administration
and its backers have enthusiastically
embraced the commission’s recom-
mendations, insisting that they consti-
tute a compromise package whose parts
cannot be treated properly in isolation.

Many congressional opponents of the
MX program have chosen to ignore the
foregoing stricture and have come out
selectively in favor of Midgetman, ap-
parently in the hope that it could prove
to be a less dangerous substitute for the
MX. According to their reasoning, the
proposed deployment of MX missiles in
Minuteman silos would have a destabi-
lizing effect on the strategic balance in
two ways: by appearing to enhance the
threat of a U.S. first strike against the
U.S.S.R. and by presenting a particu-
larly attractive target for a potential
Russian first strike against the U.S. A
force of 1,000 Midgetman missiles dis-
persed in mobile, hardened vehicles, it
is argued, would be less destabilizing
on both counts. Furthermore, if the
U.S.S.R. could be induced to emulate
the U.S. move, replacing its current
force of large Mirved ICBM’s with a
comparable force of dispersed mobile
SICBM’s, the negative trend in the securi-
ty of both sides that has resulted from
the deployment decisions of the past
decade could be reversed.

There are a number of problems with
this position. For one thing the U.S. Air
Force has made clear that it views
Midgetman basically as a disaggregat-
ed MX; in keeping with the recommen-
dation of the Scowcroft Commission it
has set out to develop a single-warhead
missile with “sufficient accuracy and
yield to put Soviet hardened military
targets at risk,” relying in some cases
on components adapted directly from
the MX program.

The deployment of Midgetman in a
dispersed, mobile basing mode can also
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be expected to face many of the same
obstacles that led ultimately to the rejec-
tion of the original MX system, and it
would have the added disadvantage of
costing considerably more per warhead
deployed. (Current estimates run as high
as $100 billion for deploying and oper-
ating the proposed 1,000-missile sys-
tem.) In the absence of a strategic-
arms agreement limiting the total num-
ber of land-based Russian missiles, the
U.S.S.R. could always add enough war-
heads to its attacking force to be confi-
dent of destroying the entire U.S. 1cBM
force, regardless of its basing mode. Un-
der the circumstances the U.S.S.R. is un-
likely to be persuaded to give up its ex-
isting force of large, MiIRved missiles in
favor of small, single-warhead missiles,
particularly on the strength of strategic
theories invented in the U.S. Given the
ultimate dependence of any scheme for
ICBM survivability on future arms-con-
trol agreements, Midgetman appears to
be no more promising in this respect
than the MX. The fatal flaw of both
programs is that they are aimed to-
ward a purely technological solution
of what has all along been essentially
a political problem.

Fast Track

The Superconducting Super Collid-
er (SSC), the proposed high-energy
particle accelerator that would make it
possible to explore the foundations of
the unified theory of weak and elec-
tromagnetic interactions, will probably
pass one of its first major political mile-
stones this month. A recommendation is
expected from the Department of Ener-
gy that Congress provide funding for the
first of two to three years of formal re-
search and development for the ma-
chine. The recommendation, if it comes,
will be based on a conceptual design
study completed in April under the di-
rection of Maury Tigner of Cornell Uni-
versity. Last month physicists conclud-
ed a round of meetings held throughout
the past year with a major conference
at Snowmass, Colo., aimed at matching
the design as closely as possible to fu-
ture experimental programs.

The conceptual study, which is known
as the reference design, presents three
major options for the machine. All three
are based on the general requirement
that two beams of protons be accelerat-
ed in opposite directions around a ring
and then made to collide. The protons in
each beam are to reach an energy as
high as 20 TeV (trillion electron volts),
and the flux of each beam is to enable
the beams to cross each other at arate of
1033 protons per square centimeter per
second. At that rate collisions between
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On the Moon.

- ¢

When Boeing started work on the Lunar Rover, the best scientific minds weren’t too sure
about the true composition of the moon. The Rover had to unfold like a Murphy bed, carry
aload twice its weight and cruise over a “mysterious” surface. Now we’re into the world of
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orbiting space stations. We're helping NASA design modules that go together like an erector
set and house a crew of 4 to 12 for at least three months. It’s a giant step from the Lunar Rover
to space stations. And Boeing is on top of the program — every step of the way.
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counterrotating protons would be fre-
quent, and each collision could make up
to 4 TeV available for the materializa-
tion of new particles at the site of the
collision. Particles could thereby be cre-
ated with a mass 40 times greater than
those seen in any present accelerator.

The three options in the reference de-
sign differ primarily in the strength of
the superconducting magnets needed to
bend the beams of protons into circular
paths. For a given energy the smaller
the ring is, the more powerful the mag-
nets must be. The smallest ring, suggest-
ed by the Lawrence Berkeley Laborato-
ry of the University of California and
the Brookhaven National Laboratory,
would be 90 kilometers in circumfer-
ence and would call for magnets with a
field strength of 6.5 teslas. (The strength
of the electromagnet commonly em-
ployed for picking up scrap iron is .3
tesla.) The Fermi National Accelerator
Laboratory (Fermilab) envisions a ring
113 kilometers around and magnets
with a strength of five teslas. Perhaps
not surprisingly, a consortium of four
Texas universities led the work for the
design of the largest version of the ring:
it would be 164 kilometers around and
the magnets would have a strength of
up to three teslas. The trade-off between
the magnetic field strength and the real
estate needed for the machine makes
the estimated costs of the three options
roughly equal: from about $2.5 to $3
billion in current dollars. An additional
$200 million will be needed for research
and development. Construction could
take about six years at a site to be chosen
within the next three years. The SSC
could be ready for experimental work
by 1993 or 1994.

The basic design of the SSC is dictated
by theoretical predictions that suggest
important experimental tests at energies
of a few TeV. According to what is now
regarded as the standard theory, electro-
magnetic interactions and weak interac-
tions such as the decay of the neutron
into a proton within the atomic nucle-
us are superficial aspects of the same
underlying phenomenon. Many predic-
tions of the standard theory have now
been borne out, notably the prediction
that any weak interaction is mediated by
one of three particles called intermedi-
ate vector bosons.

The mass of a particle that mediates a
force sets the limit on the range of the
force. In the case of the weak force the
three vector bosons are extremely mas-
sive, about 80 to 90 times the mass of the
proton, and the force has a range of only
10-16 centimeter. In contrast, the mass
of the photon, which mediates the elec-
tromagnetic force, is zero, and so the
range of the electromagnetic force is in-
finite. One of the major questions that
must be confronted by any theory seek-
ing to unify the two forces is how to
account for the difference between the

mass of the vector bosons and the mass
of the photon.

In the standard theory the differences
in mass become manifest only at rela-
tively low energy. When the available
energy is equal to or greater than the
mass of the intermediate vector bosons
(as it was, for example, during the first
fraction of a second after the start of
the big bang) vector bosons materialize
freely and then disappear again into the
energetic background. At such high en-
ergies the distinction between the vec-
tor bosons and the photon is lost, and
the electroweak interaction is said to be
symmetrical. The symmetry can be lik-
ened to that of a collection of water mol-
ecules above the critical temperature
and pressure of water. When the pres-
sure is greater than 218 atmospheres
and the temperature is above 374 de-
grees Celsius, there is no distinction be-
tween the solid, liquid and gas phases of
water. Near that critical point, however,
the interactions among the water mole-
cules become highly complex and the
symmetry of the system is broken as
groups of molecules assume one of the
three distinct phases. Similarly, when
the available energy falls below about
90 times the mass of the proton, the
symmetry of the electroweak interac-
tion is broken into the distinct forms
it now assumes everywhere in the uni-
verse except in the high-energy labora-
tories of physicists.

There is a general argument, indepen-
dent of the standard electroweak theory,
that suggests the mechanism for symme-
try breaking should become manifest at
energies of less than a few TeV. Because
the intermediate vector bosons acquire
their mass when the electroweak sym-
metry is broken, a correct account of
symmetry breaking should also lead to a
partial understanding of the origin of
mass. Hence there is a strong theoretical
incentive to explore the energy spec-
trum up to a few TeV by experiment.
Although the reference design for the
SSC is explicit in making this ener-
gy range accessible, particle physicists
have continued to hold workshops on
various special topics in Texas, at the
University of Chicago, at several of the
national accelerator laboratories and,
most recently, at the Lawrence Berkeley
Laboratory in June. The general aim of
the workshops has been to seek the most
effective and economical ways of ex-
ploiting the SSC for detecting phenome-
na that would test competing theories.

According to the standard theory,
symmetry breaking is caused by the par-
ticle called the Higgs boson, after Peter
W. Higgs of the University of Edin-
burgh. Up to now the Higgs boson has
not been observed, and the theory gives
little guidance about where in the ener-
gy spectrum such a particle might be
found. At the Berkeley workshop theo-
rists held three seminars to discuss var-
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ious theoretical versions of the Higgs
mechanism and their implications for
the design of the SSC. In one seminar it
was assumed the mass of the Higgs bos-
on is greater than 1 Tev, which could be
found only by an accelerator like the
SSC. The second seminar considered the
possibilities that there are many Higgs
bosons and that each of them is a com-
posite made up of particles so far un-
known. In the third seminar it was as-
sumed the mass of the Higgs boson is
relatively small: roughly equal to the
mass of one or two intermediate vector
bosons. In that case the Higgs boson
could be detected by the accelerators
that will be exploring the energy spec-
trum up to several tenths of 1 TeV in the
next two to five years.

There is a growing suspicion among
theorists, however, that the Higgs boson
as it was initially conceived does not ex-
ist. Accordingly several working groups
at Berkeley discussed the kinds of exper-
iment that could test alternative theories
of symmetry breaking. One group fo-
cused on the detection of supersymmet-
rical particles: massive counterparts of
every known elementary particle. If the
supersymmetrical particles exist, they
too could play arole in symmetry break-
ing; their discovery would open up a
rich and unexplored vein of physics at
extremely high energy.

Another working group studied the
possibility of detecting the signals that
would be emitted if the particles that
now seem to be elementary turn out to
be composite. There is strong histori-
cal precedent for such a development.
Where the atom was once thought to be
indivisible, it was found to be a compos-
ite made up of electrons, neutrons and
protons; by the same token the neutron
and the proton were found to be made
up of quarks. The quarks, the electron
and several other particles like the elec-
tron that are generically classified as lep-
tons have so far shown no internal struc-
ture. If internal structure does exist, the
SSC may be able to detect it.

There are many other exotic particles
conjectured by theory whose existence
could be confirmed or ruled out by the
SSC. Given the constraints that will in-
evitably be imposed by budget, physi-
cists must decide in the next few years
how flexible a machine to build and
what kind of detectors to install. For ex-
ample, should the design of the SSC al-
low one of the proton beams to be ex-
tracted from the ring and collided with
a fixed target? If fixed-target physics is
done, should the neutrinos or muons
generated in the collisions of protons
with the fixed target be employed as a
secondary beam directed against a sec-
ond fixed target? Should detectors seek
to cover the entire space around the site
of a collision or should they focus only
on certain directions with respect to the
beams? Such decisions will indirectly
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QUALITY ... a synonym for Questar®

From the first moment we started making Questar telescopes, early in the fifties,
we took a fierce pride in our quality. We believed that the magic inherent in a
carefully executed Maksutov design would enable us to make superior instruments
that were also conveniently portable, and we were determined to settle for nothing
less. Now, more than thirty years later, Questar still has the reputation, carefully
nurtured over the years, for making the world’s finest. And our skill in designing
instruments for special purposes has grown, culminating in the I-R 100 award to

Questar Corporation by Industrial Research and Development magazine for one of

the 100 most significant technical products of 1983—the QM 1.

But to go back to the instrument that started it all, the Questar® 3Y2: this is the
telescope with the amazing versatility that can take you to the far reaches of the
universe or let you explore from your comfortable armchair the astonishing detail
of rock, tree or bird. And its quality continues, with the finest optics that can be
produced combined with careful attention to every mechanical part, in a size so
compact that you can carry it in a fine luggage case wherever you go.

For a family with a variety of interests, a Questar is the perfect companion.
Shared by a dedicated astronomer, a general observer who delights in all natural

phenomena, or a photographer of things seldom, if ever, seen with the naked eye, a

Questar will never be idle. Why don’t you treat yourselves to this truly unique
gift?

o o o
Hubert Entrop uses both his Questar 3% and 7 for photographing the deep-sky
objects that we feature here from time to time. The magnificent photograph of
Omega Centauri above, done with the 7, is reproduced from a 5x7 print
enlargement of a 35 mm Ektachrome 200 slide. He writes that the air was
extremely rough, so that the guide star was nothing more than a fuzzy ball. In
spite of this the round star images indicate that the Questar was guiding right on

course. Exposure time one hour at f13.5.
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A collection of great photographs of the moon taken with the Questar 3%z and 7 is

brought together in a book, THE QUESTAR MOON, which will make a
beautiful addition to your astronomy library. Format size is 11x14 inches. Pages are
perforated to be easily removable for framing, if desired, without destroying the
soft-cover book. The resolution of detail in these photographs is so remarkable
that they invite comparison with similar views taken with the 24" refractor at Pic
du Midi observatory, published in Kopal’s “Photographic Atlas Of The Moon.”
Price $9.95.
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determine the phenomena most likely to
be found; consequently they have great
bearing on the course of elementary-
particle physics for the 1990’s.

Cholesterol Catchers

Epidemiological studies associate a
high level of cholesterol in the
blood (as well as cigarette smoking and
hypertension) with both atherosclero-
sis and the incidence of heart attacks and
strokes; the data also associate high
blood cholesterol levels with ingestion
of diets high in cholesterol and satu-
rated fats. The question remains: Can
the reduction of cholesterol and fat in
the diet lessen atherosclerosis? Early
this year the National Heart, Lung, and
Blood Institute reported the results of
a 10-year prospective study indicating
that lowering the blood cholesterol level
does reduce the risk of heart attack. The
test involved only middle-aged men
with high initial cholesterol levels, how-
ever, and the lowering was attained by
drug treatment, not diet. Extrapolation
of the results to imply that dietary mod-
ification would be effective for the gen-
eral population has therefore been at-
tacked by many investigators of athero-
sclerosis, and so the cholesterol-and-diet
controversy continues.

Some light is shed on the controversy
by the work of Joseph L. Goldstein and
Michael S. Brown of the University of
Texas Health Science Center at Dallas.
They have described in detail the mech-
anisms whereby the level of circulating
cholesterol rises, promoting the forma-
tion of the atherosclerotic plaques that
can eventually close off an artery.

Cholesterol circulates in the blood-
stream packaged in globular particles of
low-density lipoprotein (LDL). An ath-
erosclerotic plaque forms when LDL in-
vades the wall of an artery and deposits
its cholesterol, and so the most impor-
tant risk factor for atherosclerosis and
heart attack is the blood LDL level.
LDL is ordinarily removed from the cir-
culation when it is taken up by cells,
which extract from it the cholesterol
they need. All cells need some choles-
terol to build their plasma membrane;
some specialized cells need more of it to
make steroid hormones, but most of it
is taken up by liver cells that convert it
into bile acids. In 1973 Goldstein and
Brown discovered LDL receptors: pro-
teins embedded in the plasma mem-
brane that bind circulating LDL and ini-
tiate the process of receptor-mediated
endocytosis, whereby the LDL is taken
into the cell and broken down to yield
its cholesterol.

A cell’s supply of cholesterol is regu-
lated by a feedback system whose most
important element is the synthesis of
LDL-receptor molecules. When a cell
has all the cholesterol it needs, expres-
sion of the gene encoding the receptor is



reduced; the cell makes fewer receptors
and therefore extracts less LDL from
the circulation. A general reduction in
the number of receptors (in the liver in
particular) leads to a rise in the blood
level of LDL—and to atherosclerosis.

The link between LDL receptors and
atherosclerosis has been demonstrated
most clearly by studies of familial hy-
percholesterolemia (FH), a genetic dis-
ease caused by mutation of the LDL-re-
ceptor gene. The cells of heterozygotes,
who inherit one mutant gene and one
normal gene, synthesize half of the nor-
mal number of receptors; the cells of
homozygotes, who have two mutant
genes, synthesize no normal receptors.
The plasma LDL level is elevated at
least twofold in heterozygotes, whose
risk of a heart attack before the age of
60 is 25 times as great as that of the
general population; homozygotes have
LDL levels more than six times the nor-
mal level and usually have fatal heart
attacks before the age of 20.

Goldstein and Brown have treated
FH heterozygotes successfully with
drugs that create a cholesterol deficien-
cy within cells and thus enhance the ex-
pression of the LDL-receptor gene, so
that cells synthesize and display more
receptors. One drug interrupts the recir-
culation of bile acids to the liver, there-
by increasing the liver’s demand for
cholesterol. The cells respond by mak-
ing more receptors, but they also step up
their de novo synthesis of cholesterol.
To block this second feedback response
and so force the cells to rely on circulat-
ing LDL for the cholesterol they need,
a second drug is administered that in-
hibits an enzyme in the cholesterol-syn-
thesis pathway. The two-drug treatment
forces the FH heterozygote’s single re-
ceptor gene to make more receptors
and reduces the circulating-LDL level
by about 50 percent.

How relevant are these findings, in pa-
tients with a severe genetic deficiency,
to the development of atherosclerosis
in people with a normal complement
of LDL-receptor genes? Goldstein and
Brown think much of the atherosclero-
sis in the general population is attribut-
able to high levels of circulating LDL
resulting from inadequate production of
receptors. At birth human beings have
LDL levels comparable to those of oth-
er animal species, but the level rises with
age, presumably because the number of
receptors decreases. There are probably
several reasons for the decrease, but one
reason is probably the ingestion of a diet
high in cholesterol and saturated fats.
The accumulation of cholesterol in cells
acts directly to turn off receptor synthe-
sis; epidemiological data show clearly
that saturated fats raise the cholesterol
level, but the mechanism remains to be
established. Goldstein and Brown think
moderate restriction of dietary choles-
terol and fats is indicated for most peo-

ple, severe restriction for people with a
strong family history of heart attacks
and strokes. The kind of drug treat-
ment developed for FH heterozygotes
may possibly prove to be effective and
safe for the general population, per-
haps eventually making dietary restric-
tion less essential.

Earthscan

eophysicists have long gleaned in-
formation on the earth’s inacces-
sible interior from the behavior of seis-
mic waves triggered by earthquakes.
Seismic studies have revealed much of
the earth’s average radial structure: the
planet has a solid inner core, a molten
outer core and a solid yet ductile mantle
stirred by convective currents that drive
the motion of the continental and ocean-
ic plates. This one-dimensional picture,
however, leaves unanswered questions
of great interest. For example, the na-
ture and the scale of the convective flow
in the mantle are not known, nor is the
fate of slabs of the earth’s crust that are
subducted back into the mantle at oce-
anic trenches. A new analytic technique,
made feasible by the vast expansion
of seismic data in recent years and the
availability of large computers to ana-
lyze them, now promises to supply some
of the detail needed to sketch a truly
three-dimensional picture of the earth.
The technique is called seismic tomog-
raphy, and as its name suggests it is
analogous to computer-aided tomogra-
phy, or CAT scanning.

A ray is affected by the medium it
passes through and thus contains infor-
mation on the structure of the medium.
The X rays employed in CAT scanning,
for instance, are partially absorbed as
they pass through the body; the denser
the tissue, the greater the absorption.
Seismic waves are not significantly at-
tenuated by passage through the earth,
but they do travel faster through cold,
dense material and slower through hot,
less dense material. The arrival time of a
seismic wave at a measuring instrument
is therefore a measure of the “velocity
structure” of the earth along the wave’s
path. Single rays yield only average val-
ues, but by combining measurements
from many rays with crisscrossing paths
it is possible to locate inhomogeneities,
which in the case of seismic tomography
are regions of anomalously fast or slow
wave propagation.

From the velocity anomalies investi-
gators can derive, with the help of labo-
ratory data on the materials thought to
make up the earth’s mantle, the magni-
tude of associated temperature and den-
sity anomalies. It is these variations in
temperature and density that generate
the slow convective flow in the mantle.
In a sense, then, seismic tomography is
providing the first images (in the form of
color-coded maps at various depths and
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vertical cross sections through the earth)
of the vast machine that drives the mo-
tion of the plates.

Earthquakes radiate waves that travel
along the surface as well as body waves
that plunge through the interior of the
earth. The velocity of long-period sur-
face waves is affected by the earth’s
structure down to a depth of 700 kil-
ometers, and so these waves yield in-
formation on the upper mantle. (The
boundary between the upper and the
lower mantle is usually placed at a depth
of about 650 kilometers.) Don L. Ander-
son and his colleagues at the California
Institute of Technology and Adam M.
Dziewonski and John H. Woodhouse of
Harvard University have analyzed sur-
face waves from 60 large earthquakes
that occurred between 1977 and 1982.
The arrival times of these waves, which
travel along great-circle paths, were re-
corded at some 20 special digital seis-
mometers distributed around the globe.

The maps prepared by the Cal Tech
and Harvard workers suggest a flow in
the mantle more complex than that as-
sumed by some theoretical models. As
one would expect, midocean ridges and
volcanic regions where hot magma wells
to the surface are underlain in the shal-
low mantle by low-velocity anomalies
corresponding to regions that are hotter
than average. At a depth of 250 kilome-
ters, however, only isolated low-velocity
anomalies appear under three midocean
ridges: the mid-Atlantic ridge, the South
Indian Ocean ridge and the East Pacific
Rise. At that depth magma seems to be
fed toward the axis of the ridge by later-
al transport from a few broad thermal
anomalies deep in the upper mantle. In
order to make computer simulation of
mantle convection feasible most numer-
ical models have assumed that the cyclic
flow represented by a plate’s outward
motion from a midocean ridge, its sub-
duction and the return of the material
to the ridge are all in the same vertical
plane. The tomographic analysis sug-
gests this simplifying two-dimensional
assumption is off the mark.

The new data are clear evidence of the
importance of lateral transport of both
cold and hot material in the mantle. At
the same time investigators have found
that many surface features have surpris-
ingly large and deep “roots.” Volcanic
“hot spots” such as Iceland and the Ha-
wailan Islands, for instance, seem to be
the surface expression of large upwell-
ing mantle plumes anchored at a depth
of at least 300 to 400 kilometers.

Robert W. Clayton of Cal Tech thinks
the low-velocity seismic anomalies re-
lated to some hot spots, including Ice-
land, can be traced as deep as 1,500 to
2,000 kilometers. Clayton and his col-
leagues have mapped the lower mantle,
which ends where the core begins at
2,900 kilometers, from the velocities of
millions of compressional body waves
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registered at 1,600 standard seismic sta-
tions around the world. Their findings
bear on one of the most sharply debated
issues in geophysics: the nature of the
boundary between the upper and the
lower mantle. Some workers have ar-
gued that the seismic discontinuity at
650 kilometers (no earthquake focus has
been observed at a greater depth) marks
the boundary between materials that are
chemically different and immiscible. If
this were true, convection in the mantle
would occur in two distinct layers. If, on
the other hand, surface hot spots can
be conclusively linked to anomalies be-
low the boundary, it may simply be that
the lower mantle is heating the upper
mantle without material flow across the
boundary; it may also be, however, that
the convective flow is mantle-wide, with
the two layers differing only physically,
in their crystalline structures.

Clayton’s group has found many
large inhomogeneities in the lower man-
tle, particularly near the core. Not all of
them are associated with hot spots, but
according to Bradford H. Hager of Cal
Tech, they do have an observable effect
at the surface. Hager has calculated that
the density anomalies in the lower man-
tle, when they are incorporated into a
particular model of mantle convection,
can account for most of the large-scale
variation in the earth’s gravity field,
such as the slightly stronger gravitation-
al force over Africa and the central Pa-
cific. One of the interesting features of
his model is its requirement that there
be some convective transfer of material
across the 650-kilometer discontinuity.

Although it will not be the last word
on the nature of convection in the man-
tle, Hager’s work illustrates well how
tomographic analyses have already
changed the debate. Until recently geo-
physicists had to infer the presence of
anomalous mantle masses primarily
from variations in the gravity field with-
out being able to specify the depth of the
density anomalies. They are now in a
position to observe the anomalies more
directly, to derive from them models of
mantle convection and to use gravity
data as a check on those models.

Hot Cars

Auomobﬂe engines could be substan-
tially better if critical parts could be
made of ceramic materials. Ceramics
can tolerate higher temperatures than
steel, and engines that run at higher tem-
peratures are more efficient and emit
smaller quantities of pollutant. Ceram-
ics can also outdo steel in resistance
to wear and corrosion, so that engines
would last longer.

The potential of ceramic parts has
been recognized for many years, but
little had been done to realize it be-
cause the technology of steel engines was
highly developed and the abundance of
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cheap fuel meant there was little eco-
nomic incentive to design more efficient
engines. Now that fuel is more expen-
sive and thought is being given to alter-
natives such as coal-based fuels that are
more corrosive than gasoline, a substan-
tial amount of work is afoot to develop
ceramic parts for automotive engines.
The work is reviewed in Mechanical En-
gineering, the journal of the American
Society of Mechanical Engineers.

In the standard automobile engine the
parts that might most usefully be made
of ceramic materials are valves, the “hot
plate” where the valves enter the engine,
piston crowns, cylinder liners and liners
for the exhaust manifold. Some or all
of them may soon appear in the U.S.
as an outgrowth of work being done
on an adiabatic engine: an engine that
would run at a stable temperature and
in particular would not lose significant
amounts of heat to the air or to a liquid
coolant. The objective is a “minimum-
cooling engine.” Ceramic parts would be
crucial in such an engine because of
their ability to retain heat and to func-
tion at high temperatures.

Somewhat farther along is work on
ceramic parts for turbochargers, partic-
ularly the turbine rotor. A ceramic ro-
tor has about a third the density of steel,
and its lower thermal expansion makes
for operation at closer clearances and
higher efficiency. Ceramic parts have
been turning up in turbochargers for
heavy-duty trucks, marine and industri-
al engines and more recently in automo-
bile engines. In Japan ceramic rotors for
turbochargers are on the market, along
with small parts for diesel engines (glow
plugs and prechambers, where fuel is in-
jected before combustion).

Ceramic parts will also be crucial in
the hot sections of the advanced gas-tur-
bine engines that are under development
in the US. A key part is the turbine
wheel. Among the ceramic materials
under consideration for such engines are
silicon carbide, silicon nitride, lithium
aluminum silicate, aluminum silicate,
magnesium aluminum silicate and zir-
conia. The parts are made from a pow-
dered form of the material by casting
or molding (with the powder suspend-
ed in a liquid) or by sintering: compress-
ing the powder.

Several problems must be overcome
before ceramic parts become common-
place. Ceramics are brittle and therefore
break easily. They cost more than steel
parts, mainly because the manufactur-
ers of ceramics have had little expe-
rience making parts that must meet
rigorous standards of performance
and seldom have had to make parts in
the volume that would be required for
the automotive industry. Lubrication is
also a problem for a ceramic part that
moves against other parts. The research
now in progress is aimed at overcoming
these problems.
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Sweden’s Move Away from Oil

This Special Report was researched and written by Don Hinrichsen

Sweden’s industrial base has tradi-
tionally rested on a “tripod” structure
of relatively cheap energy, abundant
raw materials and an experienced,
highly qualified work force. All three
of these “legs” have been seriously
weakened over the past decade. And
the country has been forced to do some
rather hasty reinforcing work in order
to keep its industrial base intact.

After the 1973 oil crisis, Sweden
found itself wallowing in the same
wake of inflated oil bills as the rest
of the world’s oil-importing developed
countries. But with two important ex-
ceptions: unlike the others Sweden
was heavily dependent on oil, which
accounted for nearly 70 percent of the
country’s energy consumption up to
1979-80; and second, also unlike the
rest of Europe, Sweden decided to alter
its energy course dramatically.

In 1975 the Parliament (Riksdag)
introduced comprehensive legislation,
known as the Energy Management
Bill, that outlined, in part, how the
country could begin to reduce its
almost total dependency on oil. The
program consisted of the following
elements: deliberate conservation
schemes, a broad energy R&D pro-

gram, increased international coopera-
tion, an active oil substitution policy,
and guaranteeing an energy supply by
using a variety of sources, including
domestic “renewables.”

In the mid-1970’s the situation was
critical. High energy prices began to
cut into Sweden’s industrial produc-
tivity and the economy slid into a tail-
spin from which it has still not fully
recovered.

A simple comparison illustrates
Sweden’s energy dilemma. Whereas
the average Swede in 1850 consumed
the equivalent of two barrels of oil a
year, mostly in the form of wood, coal
or coke, the average Swede of 1975
used about 35 barrels of oil, most of it
in the form of oil. In 1979, for example,
the country consumed 26 million met-
ric tons of oil, or approximately four
per person, the highest per capita con-
sumption of imported oil in the world.
Today, Sweden’s consumption of oil
has dropped to about 16 million tons.

But a lot has happened since 1979.
In 1981, one year after the nation-
al referendum on nuclear power that
called for its eventual phasing out by
the year 2010, Parliament drew up
another ambitious piece of legislation,

known as the Energy Bill. This pack-
age is nothing less than a blueprint for
moving the country away from oil and
keeping it away. The most striking fea-
ture is that it calls for a significant re-
duction in oil consumption, from the
present 1983 level of around 50 per-
cent to 40 percent by 1990. It also out-
lines how this can be done by stressing
measures that have short- and medi-
um-term impacts. Ironically, in order
to do this, the bill calls for a return to
the same sources of energy used by the
average Swede over a century ago—
wood and coal (although other factors
such as energy conservation measures
figure prominently in the equation).

A total of 2.58 billion Skr ($344 mil-
lion)* has already been spent on ener-
gy R&D programs since 1975, but more
is needed. The Energy Bill allocates
1.7 billion Skr ($226 million) for the
oil substitution fund. Characteristical-
ly the money for the fund comes from
a tax on petroleum products.

In the longer term, Sweden intends
to develop indigenous biofuels, hope-
fully sometime during the 1990’s, but
in the meantime coal has been desig-
nated as the major transition fuel in
the move away from oil.

*At the time of writing 1 U.S. dollar equals approximately 7.5 Swedish Krona (Skr).
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Figure 1 shows Sweden’s total ener-
gy balance for 1982. Figure 2 compares
the year 1979 with projections for 1990
and shows where energy planners
think they can get the alternatives to
oil. Figure 3 provides the same infor-
mation in more detail.

The Energy Bill of 1981 also restruc-
tured a major part of the government’s
energy-related activities. Figure 4
shows how the various energy organi-
zations were reshuffled: the National
Industrial Board’s Energy Section
(SIND-E), the National Board for Ener-
gy Source Development (NE), the Oil
Substitution Fund (OEF), the Dele-
gation for Oil Substitution (OED) and
the Energy Conservation Committee
(ESK) were all placed under the newly
created National Energy Administra-
tion with Carl Tham as its director
general. Figure 4 also shows how the
rest of the government bureaucracy
concerned with energy fits into the
overall picture. The reorganization
was long overdue, according to some
specialists, especially since it stream-
lines the government’s channels and
concentrates more of its essential ac-
tivities under one roof.

The situation, however, is far from
cut and dried. The course may be set,
but getting there is going to be a major
challenge for the country over the next
decade.

Sweden’s blueprint, spelled out in
the Energy Bill of 1981, seems realistic
enough, but there are complications
that make its ultimate implementa-
tion problematic. Sweden not only has
to switch fuels, but must do so with a
number of options already closed to it,
as if it were playing chess with some of
the pieces missing.

Thanks to the 1980 referendum on
nuclear power, the country’s 12 nucle-
ar reactors (10 at the moment) are slat-
ed to be phased out by the year 2010.
Whether or not it will actually happen
remains to be seen. But at this point,
the government is not planning on

continuing with its nuclear program.
A second caveat: Parliament has
placed a solid lid on developing further
hydropower potential—estimated to be
about 30 TWh/yr. According to Carl
Tham, only an extra 3 TWh/yr will be
on stream by 1990, bringing hydro to-
tal installed capacity up to 66 TWh/yr.

This gives the situation some urgen-
cy and makes the transition not only
exciting but more difficult. Further-
more, there is really no time to waste,
since the cheap electricity of the 1980’s
will be replaced by increasingly expen-
sive electricity in the 1990’s as the nu-
clear plants begin to be shut down.

The Swedish State Power Board
(Vattenfall) predicts that there will be
no hikes in electricity rates until the
1990’s. This will buy the country valu-
able time—time it will need to make
that most difficult of all energy transi-
tions: the one away from oil toward
more reliance on domestic energy
sources, mainly biomass, with margin-
al contributions from solar energy and
wind.

Fuel Switching

Of the 26 million metric tons of oil
used by Sweden in 1979, 55 million
metric tons went to fuel the transpor-
tation sector, 5.2 million metric tons
were used in industry, 1.8 million met-
ric tons were burned to generate elec-
tricity and 11.2 million metric tons—
about 40 percent of the total—went for
space heating and hot water, much of
it provided by oil-fired district heating
plants.

By the end of this decade, the gov-
ernment expects to replace nine mil-
lion metric tons of that total with
other sources: coal will replace three
million metric tons of oil; peat and
wood wastes will replace an additional
three million metric tons; solar energy,
along with alternative biofuels for
transportation, should replace one mil-
lion metric tons; increased use of elec-
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tricity for heating (and in connection
with heat pumps) should replace an-
other one million metric tons; and a
revised district heating network for
Stockholm, using a large-scale heat
pump plant with an output of 150 MW
(thermal) and coal will save a final one
million metric tons of oil a year.

Those district heating plants are a
key element in the reduction of Swe-
den’s oil bills. A major target in the
government’s oil substitution program
is the conversion of the country’s esti-
mated 10,000 “block centrals” from oil
to coal and biomass. Block centrals are
mini district heating plants that gener-
ally serve up to 50 apartments. Most of
these small-scale plants burn oil. Re-
placement of the burners in the boilers
with newer ones capable of burning a
variety of fuels, such as coal and wood
wastes, will have a significant impact
on Sweden’s fuel-switching policies.

The Second Coming of Coal

It is somewhat ironic to see Sweden
switching from oil back to coal when
just a couple of decades ago the coun-
try was frantically making the switch
from coal to oil. In 1979, 400,000 met-
ric tons of coal were imported. This
figure now stands at 1.2 million tons
and is expected to increase to between
four and six million metric tons by
1990—about the same level as in the
early 1950’s. Critics complain that this
policy merely substitutes one form of
imported energy for another, without
reducing in any substantial way Swed-
ish dependence on foreign sources of
energy.

The inevitable environmental objec-
tions have been overcome, so far, by
promises to use only low-sulfur coal—
with a maximum sulfur content of 1.5
percent—imported mostly from the
U.S,, but with small shipments coming
from Poland, the U.K. and the U.S.S.R.
The coal will also be treated before
being burned and the emissions care-
fully monitored with new environmen-
tal control technologies in combination
with new combustion technologies be-
ing developed that permit the use of
cheaper, high-sulfur coal.

One large-scale project already oper-
ating indicates the extent to which
coal is coming back into fashion, de-
spite environmentalist misgivings.

The Igelsta Plant

Billed as Europe’s most modern dis-
trict heating plant, the 360-MW coal-
fired plant at Igelsta, near Sodertilje
(south of Stockholm), will burn 250,000
metric tons of low-sulfur coal a year in
three 120-MW boilers. The plant will
supply heat and hot water for 20,000
dwellings, a number of single-family
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Energy is one of our most basic
needs. The quest for energy to cook our
food, to heat our homes, to make our
work easier and more efficient has al-
ways been one of mankind’s major pri-
orities.

The technological level has 1n-
creased even more rapidly: from the
simple wood fire, which is still the only
source of energy for nearly two billion
people (half the world’s population), to
nuclear power plants and large-scale
electricity distribution networks that
link together entire continents.

The increasing use of energy is play-
ing a significant role in efforts to im-
prove the material well-being of people
in the industrialized countries. But,
unfortunately, our selection of specific
energy sources as well as how we ob-
tain and use energy can have serious
disadvantages, impairing our quality
of life on one hand, while enhancing it
on the other.

This century has seen the quest for
energy and especially its end uses em-
broiled in controversy. But our need
for increasing amounts of energy has
been so great and of such urgency that
other interests—often more important
ones—have been given a back seat.

Fuel wood exploitation in the Third
World has devastated forests and laid
the land open to erosion and impover-
ishment. Lakes and forests in the
Northern Hemisphere have died from
exposure to acid rains created by the
burning of fossil fuels. Rivers have
changed their courses and local cli-
mates have been affected as a result of
the construction of hydroelectric pow-
er plants. Nuclear power has posed
new risks—like the disposal of radioac-
tive wastes—which have fueled public
fears that the “peaceful atom” is an
unsafe source of energy.

If we want to improve our quality of
life, we still have to consider very care-
fully both the material and the psycho-
logical aspects of energy production
and energy consumption. Economic re-
alities have to be weighed against psy-
chological factors and short-term
interests balanced against more long-
range considerations.

Before the “energy crisis” decade of
the 1970’s, Sweden’s energy policy was
largely nondescript and uncontrover-
sial. With low oil prices, there was lit-
tle competition from other energy
sources and, as a result, Sweden’s de-
pendence on oil grew steadily after
World War II.

The country then decided to take
two steps to balance off the over-
whelming dependence on imported en-
ergy. In broad political agreement, we

Sweden’s Brave New World of Energy
by Brigitta Dahl, Minister for Energy

decided to make increased use of our
large hydropower resources and we
launched a full-scale program to devel-
op our own nuclear technology for the
production of electricity.

But the turbulent 1970’s changed
this “consensus” on energy policy into
one of confrontation. It became in-
creasingly difficult to expand our hy-
droelectric power. The controversy
focused on the role of nuclear power in
the country’s energy mix.

A compromise was reached through
a national referendum, held in 1980,
on the future role of nuclear power in
Sweden. The people voted for the con-
tinuing use of those nuclear reactors
already in use or being built, but for
termination of the program after the
12th plant had been finished. Parlia-
ment then decided that all nuclear re-
actors would have to be closed down
and phased out of operation by the
year 2010 at the latest.

As a result of the Parliament’s deci-
sions taken on Sweden’s future energy
course, we will have to build a com-
pletely new energy system during the
next 30 years. This is an unprecedent-
ed and difficult task, but also an inspir-
ing one.

In order to achieve this goal we will
have to develop new technologies, to
explore overlooked possibilities in en-
ergy conservation and to utilize energy
sources not yet developed except per-
haps on a very small scale.

City heating systems are being built
that will enable us to distribute the
heat from our new energy sources such
as peat, heat pumps and waste heat
from industries or sewage plants, and
perhaps later solar power plants. Mu-
nicipal heating systems will also make
use of the heat produced in “back-pres-
sure” power plants, which we will have
to build when all the nuclear reactors
have been decommissioned.

At the same time, there are exciting
developments going on in the area of
small-scale combustion units, like flu-
idized beds, as well as in conservation
technologies for private homes.

We are confident that our brave new
energy future will work and that it
will be completed according to plan.
We also believe that our efforts may be
of use to other countries since our en-
ergy situation is in no way unique.
And just as we have taken up ideas
from other countries and made them
work in a Swedish context, we believe
that our own “home-grown” solutions
can be applied in varying climates and
under varying industrial and economic
conditions to help others tackle their
own energy problems. H

houses and several large industrial en-
terprises in the area.

The plant incorporates the most
modern pollution-control equipment
and will reduce pollution loads by 60
percent compared with the previous
oil-fired boiler. The project has
brought together some of Sweden’s
most advanced companies in the ener-
gy field: Skanska, Fldkt and Gétaver-
ken.

In the final analysis, Sweden’s brave
attempt to alter its consumption pat-
terns and to tap new energy sources
is one way of getting off the roller
coaster of oil prices that keep fluctuat-
ing wildly.

“All of our efforts,” states Carl
Tham, director general of the National
Energy Administration, “are based on
the assumption that the price of oil
will keep going up in the future.” In-
deed, it rose 45 percent in two years
(1981-82), sending shudders through
the economy. “Even when the price of
oil went down in general terms, it ac-
tually rose for us, because the Swedish
krona is so devalued in relation to the
dollar,” points out Tham. “So in effect,
the price went up for Sweden.”

Sweden stands every chance of suc-
ceeding at getting away from an oil-
based economy. If it does accomplish
the task, the path it took will no doubt
be well-worn soon after. Well-worn by
the rest of us who will follow in their
footsteps. B

Total energy balances, TWh, in 1979 and 1990

Year 1990
Year  (Lower
1979 usage)
Oil and oil products 295 160-140
Coal 3 31-45
Coal and coke for
metallurgical uses 18 17
Natural gas - 4-9
Motor alcohols 1-3
Bark and Lyes 36 42
Forest energy, etc.! 7 25-30
Peat 0 6-11
Solar heat? - 1-3
Waste heat? 2 3-4
Hydroelectric power 604 65
Wind power - 0-1
Nuclear power (electricity)s 22 6
Nuclear power (heating)® 9

Total supplies for
energy purposes

Of which conversion

and distribution losses

of electricity and in

district heating 27 28
Total final consumption 416 400

! Forest waste, wood, chips, energy forest, straw, etc

2 Added to which heat pumps are used in combination with
naturally stored solar energy

3Incl. burning of refuse

461-62 TWh with normal precipitation

5 Incl. the stations’ energy consumption (gross production)

§1f heat tap-off from the Forsmark 3 nuclear reactor is not
adopted, the electricity production from nuclear power will
increase by about 3 TWh. This electricity may possible be
used for operation of heat pumps in Stockholm. The dis-
trict heating supplies for Greater Stockholm may also be
based on coal. The quantity of coal in the figures for 1990
wil then increase by about 11 TWh

Figure 3 Source: Ministry of Industry
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DIAGRAMMATIC REPRESENTATION OF SWEDEN'S ENERGY ORGANIZATIONS
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(EK-81 is a government committee set up to study the phasing out of nuclear power, as called for in the Energy Bill of 1981.)
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Energy Conservation: Waste Not, Want Not

Following the energy crisis of 1973,
the one thing that all of Sweden’s
squabbling political parties could
agree on, virtually without reserva-
tions, was the need to conserve energy.
The politicos may have disagreed on
the fine print, but not with the overall
strategy. The country’s energy plan-
ners were ordered to draw up a broad
array of conservation schemes. Even a
cursory look at Sweden’s energy pic-
ture is enough to understand the im-
portance of conserving energy. After
all, 40 percent of Sweden’s total energy
goes for space heating and hot water
for buildings and another 40 percent
goes to keep Sweden’s industrial ma-
chine turning. Obviously, by concen-
trating on these two heavy energy
consuming sectors, the planners reck-
oned that they could achieve both the
most immediate and long-term sav-
ings.

Since 1975 (when the major conser-
vation strategies were launched) Swe-
den has invested roughly $1.2 billion
in conservation measures. Over the
same period nearly 4 billion Skr ($533
million) was invested in energy re-
search, development and demonstra-
tions. Reflecting this, the Swedish
Board for Technical Development’s

(STU) Energy Department has ear-
marked most of its 120 million Skr
budget ($16 million) for the current fis-
cal year (1983/84) for energy saving
technological processes or systems in
industry and for substituting domestic
energy sources for imported oil. Fur-
thermore, most of STU’s requested
budget of 433 million Skr ($57.7 mil-
lion) for the next three-year period
(1984-87) will go into energy conserva-
tion technologies or processes for in-
dustries.

Industrial Energy Saving

STU, reflecting government policy,
provides risk money for industry in the
form of outright grants or loans negoti-
ated usually on a 50-50 basis. “Our
main job,” says Staffan Ulvondas, head
of STU’s Energy Department, “is to
take technical risks for industry.”

STU’s energy program covers a wide
range of activities but concentrated
under three main umbrellas: in saving
energy in existing processes, reducing
oil dependence and promoting a flexi-
ble approach to energy sources and
end use. According to Ulvonis, STU
achieves these objectives when it
comes to industry, by supporting
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“tightening up processes in existing
operations” and in helping industry to
develop different processes that either
save energy or use domestic sources
instead of imported oil.

This last area is where most of the
new R&D money is directed. As part of
the overall strategy to get Sweden off
the oil hook, STU is also expending
efforts to develop transportation sys-
tems using alternative fuels such as
methanol as well as in promoting the
development of electric vehicles.

Most of the basic R&D is being car-
ried out in cooperation with technical
research institutes such as the Chal-
mers Institute of Technology in Goth-
enburg and the Royal Institute of
Technology in Stockholm. Over the
course of the next three years (1984-87)
STU will also give continued support
to R&D for fluidized beds, more effi-
cient solar collectors and energy stor-
age in the ground.

Sweden’s real energy conservation
“success story” is the pulp and paper
industry, which gobbles up 40 percent
of all the energy used in the industrial
sector. The Swedish Pulp and Paper
Association reports that oil consump-
tion decreased from 2.2 million cubic
meters in 1973 to 1.45 million cubic
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meters by 1981, despite a 20 percent
growth in paper production over the
same period. This figure is expected to
drop to 0.91 million cubic meters by
1986 (half the volume of 1978).

Goran Wohlfahrt of the Swedish
Pulp and Paper Association writes:
“Of course, most of the oil saved will be
replaced by other energy sources: for-
est fuel, 180,000 cubic meters of oil
equivalent; peat and coal each about
100,000 cubic meters of oil equivalent;
more spent liquors and improved yield
from bark by drying before burning,
another 275,000 cubic meters of oil
equivalent. Since both pulp and paper
production are forecast to rise, and to-
tal use increases only marginally,
there is also an improvement in over-
all fuel efficiency of 8 percent.” Given
all this activity, Wohlfahrt concludes
that oil consumption might even be
halved again after 1986. In 1982 alone
the industry saved 500 million Skr
(8$66.6 million) in energy costs.

These significant reductions were
made possible by a system of govern-

ment grants—up to 35 percent of the
total investment costs of new technolo-
gies, processes or plants—that were in-
stituted by Parliament in the 1970’s.
This close cooperation initiated be-
tween government and industry con-
tinues on many levels.

The major technological fixes that
have been introduced include: the
widespread use of chemical recovery
boilers for black liquors (black liquors
are essentially dissolved wood from the
pulping process); whole tree utilization
techniques (stumps, roots, needles,
branches, etc);, replacing oil-fired boil-
ers with ones that burn peat, wood
chips, bark etc; and the general intro-
duction of more efficient production
processes requiring less energy.

“Chemical recovery from pulp and
paper is the biggest chemical industry
in Sweden,” comments STU’s Ingmar
Fastmark. Not only have such energy
conservation measures generated
more jobs in other sectors as well, but
in the final analysis, the pulp and pa-
per industry is the first to admit that

The iron and steel industry has also
made significant savings in energy,
mostly by developing energy-saving
processes. But in some cases entirely
new technologies have been developed.
SKF Steel Engineering has recently in-
troduced a series of industrial applica-
tions of plasma technology, developed
by the company during the last decade.

In most of these applications a cheap
fuel, for example, steam coal, is con-
verted to a fuel gas which is directly
used in an industrial process, e.g.,
PLASMARED for production of so-
called sponge iron, and PLASMA-
DUST for recovery of metals from
various wastes. For thermodynamic
reasons, all gas cannot be utilized in
the process. A clean energy-rich off-gas
is thus obtained. This gas is perfect as
a fuel gas for the generation of steam
or hot water, cogeneration of electric
energy or other purposes.

An example is the SCANDUST proj-
ect, a commercial PLASMADUST
plant being constructed by SKF Steel
Engineering for a customer in southern
Sweden. The off-gas from the plant will
be used for generation of hot water for
the local district heating system.

Plasma technology for the gasifica-
tion of fuels does not have to be used in
combination with metal production.

Plasma Technology

Practically any kind of fuel can be con-
verted to a fuel gas, e.g., coal, oil, peat,
wood and some household waste. The
energy authority in the city of Gothen-
burg is studying a detailed proposal
from SKF Steel Engineering concern-
ing the conversion of a butane-based
town gas works to a coal-based opera-
tion, using plasma coal gasification.
The coal gas produced in +his case
would be converted to a standard town
gas with the aid of a conventional
methanation process. Excess heat will
be used in the local district heating
system.

Plasma gasification of coal or other
fuels has big advantages from an envi-
ronmental point of view. The gasifica-
tion temperature is sufficiently high to
exclude formation of hazardous or un-
pleasant hydrocarbons, and practically
all ash in the fuel ends up as a molten
slag, where all elements after cooling
and granulation are firmly bound. In
addition, sulfur from the fuel is easily
absorbed in a dolomite or lime filter.

For all plasma processes, plasma
generators developed and manufac-
tured by SKF Steel are being used.
Generators with power levels of 1 to 10
MW are available. The PLASMA-
DUST plant under construction, will
use three 6-MW plasma generators. B
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by reducing energy costs and develop-
ing more efficient production process-
es, the industry as a whole has become
more competitive internationally.

Energy Saving in Buildings

Over the past eight years this sector
has seen amazing improvements in the
energy efficiency of buildings, both
commercial and residential. Some of
these improvements were predictable
if not inevitable. Sweden’s dour cli-
mate is infamous. Long dark winters,
followed by short summers—with in-
door and outdoor temperature differ-
ences sometimes reaching 40 degrees
C.—means that space heating (includ-
ing hot water) requires considerable
energy inputs, even more so if the
buildings are not tight.

Many of Sweden’s older buildings,
especially apartment complexes, were
plagued with faulty insulation materi-
als (or none at all), lacked double
glazed windows, and had bad air circu-
lation systems. The government tack-
led the problems with a host of R&D
activities, tightened up the building
codes, and instituted generous loans
and grants to encourage home owners
(as well as multifamily dwellings) to
improve the energy efficiency of their
buildings.

The programs have paid off dramati-
cally. Lee Schipper, an American sci-
entist commissioned by the Swedish
government to compile a comprehen-
sive report on residential energy use
and conservation in the country,
points out that between 1974 and 1979,
320,000 single-family dwellings and
840,000 multifamily dwellings were
given conservation grants and loans.
During this period the government
paid out 1 billion Skr in grants and 2.5
billion in loans ($133 million and $333
million respectively). Schipper writes
that the “expected savings (all fuels
mixed) were about 10.5 Petajoules (PJ)
per year, giving an investment cost of
360 Skr per Gigajoule per year (GJ/yr)
saved and a savings of about 10 GJ per
dwelling.

Says Ingrid Munro, Director Gener-
al of the Swedish Council for Building
Research, “Compared to 5 years ago,
we have saved 70 percent of the energy
used in normal houses.”

Sweden now holds the record for
having the lowest energy use and the
lowest heat losses for centrally heated
dwellings of any country in the OECD.

“Normal one-family houses in Swe-
den use only 50 percent as much ener-
gy as a comparable house in North
America,” concludes Ingrid Munro. B



SKF STEEL ENGINEERING:
A New Generation of Energy-saving Plasma-based Technologies

‘SKF Steel Engineering is part of the
well-known SKF Steel Group, the larg-
est producers of specialty steels in
Scandinavia. The parent company sup-
plies nearly 20 percent of the Western
world’s ball and roller bearings (their
European share is an impressive 35
percent).

SKF Steel Engineering concentrates
in two areas: specialty steel engineer-
ing know-how and plasma technology.

SKF Steel owns and operates two
steel plants in Sweden with a com-
bined yearly output of some 750,000
ingot tons. In the 1960’s, SKF Steel
together with ASEA, developed the
ASEA-SKF ladle furnace, considered
a big advance in ladle technology. To-
day, there are over 50 ASEA-SKF la-
dle furnaces operating worldwide.

The ladle refining process was later
combined with a twin-shell furnace for
more efficient melting of scrap and
other raw materials. The combination
of the twin-shell furnace and the ladle
refining process is now known as the
SKF/MR (Melting and Refining) proc-
ess. Today, all of SKF Steel’s output
is based on SKF/MR technology.

However, it is in the area of plas-
ma technology where SKF Steel Engi-
neering has made the most signifi-
cant breakthrough. Back in the early
1970’s, SKF Steel launched a long-
range R&D program aimed at expand-
ing and perfecting the applications of
plasma technology. This R&D program
had four basic goals: energy efficiency,
energy flexibility (i.e. able to use dif-
ferent types of fuel), environmentally
sound and small scale.

This necessitated the development
of a new generation of plasma gen-
erators: the basic tool which has
enabled the company to forge ahead in
plasma technology. SKF Steel’s plas-
ma generators transform nearly 85
percent of the electrical energy sup-
plied into heat energy. Furthermore,
there are no waste gases with a plasma
generator and the total gas volume is
smaller than with other processes.
Thanks to the extremely high energy
concentration in the plasma, the reac-
tions can take place within a very
small space. These two factors make it
possible to use much smaller equip-
ment than with other conventional
processes, reducing considerably the
capital investment.

The range of plasma applications
can be separated into the following
categories:

1) The PLASMARED process for pro-
ducing sponge iron.

2) The PLASMASMELT family of
processes for smelting and reduction
of various metal oxides to metals. The
PLASMADUST process to be used in

the Landskrona plant falls within this
category (see below). It also includes
PLASMAZINC for the production of
zinc from primary raw materials and
PLASMACHROME for the cost-effi-
cient production of ferro-chromium.
Other variations on this theme include
the production of ferro-manganese and
other ferro-alloys.

3) PLASMABLAST, which involves
the use of plasma generators to re-
duce the energy costs of existing blast
furnaces.

4) PLASMAWASTE, which is a proc-
ess for the incineration of household
and industrial waste.

SKF Steel Engineering has supplied
a turnkey PLASMADUST plant to
ScanDust AB at Landskrona, in south-
ern Sweden. The PLASMADUST proc-
ess will recover zinc, lead, chromium,
molybdenum, iron and nickel from
baghouse dust—the wastes generated
by steel mills. The dust will come ini-
tially from Scandinavian steelmakers,
but will also be shipped to Landskrona
from the continent.

The PLASMADUST plant begins
commercial operations this year and
will recover some 36,000 metric tons of
metals from 70,000 metric tons of
waste per year. And as a result of
the substantial environmental benefits
inherent in this process, the Nation-
al Swedish Environment Protection
Board invested some 25 million Skr
($3.3 million) in the project. Recover-
ing metals in waste dust from the
steelmaking process will mean that
the heavy metals in the dust can be re-
used instead of being dumped in land-
fills, where they often leach into the
groundwater.

In addition, the Landskrona plant
will generate 65 GWh per year of off-
gas for the community’s district heat-
ing network, saving about 1.7 million
gallons of oil a year.

The baghouse dust, supplied to the
plant in bags or containers, is mixed
with coal, sand and water in a slurry
mixer. The mixture is then fed into a
filter to remove most of the water,
which is used primarily as a medium
to obtain a homogeneous mixture in
the slurry. The filter cake formed in
the filter is further dried, crushed and
fed into the shaft furnace.

The plasma itself is formed in the
plasma generators which develop tem-
peratures of 3,000-5,000 degrees C.
With injected coal powder, the metal
oxides are reduced during the smelting
process. Zinc and lead vaporize, rise in
the shaft and condense to a liquid in
the condensers. The iron forms a hot
metal that is tapped from the shaft
furnace. When the plant is using dusts
from furnaces producing stainless or
other high-alloy steels, the result is an
alloyed hot metal usually containing
rich amounts of chromium, molybde-
num, iron, nickel, etc.

The exhaust gas, containing a sub-
stantial amount of heat energy, is
cooled and cleaned. A certain amount
of the gas is recirculated as process
gas, but most of the off-gas is used in
the city’s district heating network.

SKF Steel Engineering is convinced
that the commercial breakthrough for
the PLASMADUST process is just the
beginning for plasma-based technolo-
gies. And the company is continuing
to plow substantial investments back
into plasma technology R&D. B

QL PLASMADUST
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Hydropower and the National Electricity Grid

It is no exaggeration to say that Swe-
den’s rapid industrialization at the end
of the 19th century would not have
been possible without cheap and abun-
dant hydropower. The first large-scale
hydro plants went on stream in the
1910’s, followed by hundreds more. To-
day, there are around 1,000 hydro-
power stations scattered about Sweden
(mostly in the North) with a total in-
stalled generating capacity of 15,215
MW. Sweden’s vast reservoirs hold an-
other 32 billion kilowatt hours per
year (in years with normal rainfall).

In 1982, the country’s hydro plants
produced 54,191 Gigawatt hours of
electricity, accounting for about 55
percent of Sweden’s electricity produc-
tion. Presently, about 63 TWh/yr of
hydropower is available. The Swedish
State Power Board (Vattenfall) points
out that Sweden’s remaining untapped
rivers in the northern part of the coun-
try contain an extra 30 TWh/yr of hy-
dro potential that could be technically
and economically exploited. However,
the country’s strong and vocal environ-
mental movement has managed, so
far, to prevent further hydro projects
from being developed. And Parliament
has decreed that the remaining four
free-flowing rivers—the Torne, Kalix,
Pite and Vindeldlven—shall remain
inviolate.

Sweden’s Grid

Vattenfall and some 16 other major
producers (including municipal-owned
utilities and big companies) generate
about 100 TWh/yr of electricity which
is distributed in a nationwide grid (see
Figure 5). In 1982, 55 percent of this

electricity was produced from hydro-
power, 40 percent from nuclear, and 5
percent from other sources like coal,
oil and cogeneration plants. All told,
some 100 billion kWh of electricity
were consumed in Sweden in 1982.
This figure is expected to increase to
130 billion kWh by 1990. Until the
very end of this decade, nearly all of
Sweden’s electricity needs will be met
with hydro and nuclear.

Vattenfall is by far the largest utili-
ty in the country, accounting for about
50 percent of all electricity generated.
This government-owned public corpo-
ration also controls and operates the
national electricity grid, which shut-
tles power throughout the country.

With most hydro in the northern
half of the country and the bulk of
Sweden’s 8.3 million people in the
southern half, Vattenfall, in close co-
operation with ASEA, developed high
voltage transmission systems capable
of shunting the power from North to
South, with minimal line losses. In
1952 ASEA, collaborating with Vat-
tenfall, built the world’s first 400-kV
(kilovolt) high voltage transmission
line, running over 1,000 km between
Sweden’s largest hydropower plant—
the 940 MW Harspranget plant on the
Lule River—and the town of Hallsberg
in the south. ’

Today, the 400-kV network contains
seven North-South lines with a total
length of roughly 9,000 km.

ASEA is responsible, in large mea-
sure, for the technological break-
throughs that have made the long
distance transmission of both AC and
DC high voltages possible. And they
have developed reactive power com-

ELECTRICITY 1981
SUPPLY DEMAND
24 / Domestic
\ 59 /
36 Hydro I' Industry 41
Nuclear | 19 | Commercial /\
- Transportation 2 3 Net Export
Conv. Thermal 5 Agriculture 3 8 Transmission
Losses
TOTAL GENERATION ~ 100 TWh
Figure 5. Sweden’s total electricity output and consumption in 1981.
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pensation systems that are the most
advanced in the world for controlling
high voltage transmission as well as
reducing power losses in the lines. In
the late 1960’s and early 1970’s, ASEA
introduced series capacitors on all of
Sweden’s 400-kilovolt lines.

What this means in practical terms
is that ASEA’s technicians were able
to optimize the power transmitting ca-
pacity of the existing lines, greatly in-
creasing the amount of power
transmitted. It also meant that Vat-
tenfall did not have to build more, ex-
pensive transmission lines.

“There are nine series capacitors on
all of Sweden’s 400-kV lines running
from the northern hydropower plants
to the South, where the customers
are,” says Mr. Sture Torseng of
ASEA'’s Reactive Power Compensation
Department. “We have been able to
transmit 100 percent more power on
these 400-kV lines due to the series
capacitors and shunt control compen-
sators.”

The Swedish grid is, in turn, plugged
directly into the national electricity
grids of neighboring Norway, Finland
and Denmark—making the entire net-
work one of the largest in the world.
This gives each country great flexibili-
ty when buying and selling electricity.
If shortfalls suddenly arise, Vattenfall,
for example, can buy cheap hydro-
power from Norway (whose grid is 100
percent hydro), instead of burning oil
in back-up plants. “This way,” points
out Vattenfall’s Managing Director
Jonas Norrby, “we can get Norway’s
hydro for perhaps 8.5 ore per kilowatt
hour, instead of spending 15 6re/kWh
on oil.”

The overall cost of electricity in Swe-
den to the distributor is about 15 ore
per kilowatt hour, one of the lowest
electricity prices in the world (only
Norway’s 100 percent hydro system is
cheaper).

Comments Norrby, “We consider the
nuclear, hydropower mix very econom-
ical. This is why we can offer such
cheap electricity.”

Vattenfall is unique among state-
owned enterprises in that it is free to
act like a private corporation. In
1982-83 its total turnover from sales
was 10 billion Skr ($1.33 billion), pre-
dominantly from the sale of electricity,
with a small amount from heat (dis-
trict heating) as well.

All things considered, Vattenfall in-
sists that the prices for Sweden’s elec-
tricity will not rise above normal
inflation levels until the beginning of
the next decade, aiding the country’s
transition from oil to coal and domes-
tic renewables. B



Nuclear Power:
What Future?

All around the world, utilities and
energy planners are asking themselves
the question: What is the future of nu-
clear power? As the price of nuclear-
generated electricity continues to rise,
especially in relation to that of fossil
fuels, its future looks grim indeed.

In Sweden, probably no other issue
in recent memory has proved so dis-
ruptive as the nuclear debate to the
middle-of-the-road, consensus politics
that has been this country’s hallmark.
It prompted a convulsive and bitter
“civil war” within the scientific com-
munity, which quickly cut through the
social fabric of the country, dividing
families and ripping apart traditional
political alliances. The nuclear ques-
tion (as it came to be called) became so
politically hot that it caused the down-
fall of two governments: the Social
Democrats in 1976 and a Center
Party-led coalition in 1978.

In order to resolve the issue, a na-
tional referendum was held in March,
1981 to determine the course of nucle-
ar power in Sweden’s energy future.
Typically, perhaps, the referendum it-
self touched off a nasty row, since it
offered three alternatives and so could
not be settled with a simple “yes” or
“no.” On top of this, many felt it was
silly to have a referendum nearly 10
years after the first nuclear plant was
commissioned.

To cut a long story short, the Social
Democratic alternative, called the “pa-
renthesis” line, which called for the
phasing out of all nuclear power sta-
tions by 2010, won a majority. That, at
least, left the government with a clear
goal. The blueprint for reducing oil
consumption to 40 percent by 1990 and
dismantling the country’s nuclear in-
frastructure was outlined in a major
piece of legislation—the Energy Bill of
1981. But blueprints are one thing, re-
ality often another.

Nearly three years after the referen-
dum, the scars have still not healed.
Major segments of Swedish industry
remain skeptical that nuclear energy
can be done away with at all, and cer-
tainly not within the time frame called
for. The government, on the other
hand, seems determined to push ahead
according to plan.

In all fairness, the Swedish public
increasingly perceived nuclear energy
in terms of its problems and uncertain-
ties, rather than its benefits. Right or
wrong, many Swedes faulted nuclear
power on three counts: its potential for
proliferating nuclear know-how (for
nuclear weapons), the question of safe-
ty and the disposal of radioactive
wastes.

SWEDISH REACTORS
REACTOR POWER  COMMER-
CIAL
OPERATION
Oskarshamn1 BWR 440 1972
Oskarshamn2 BWR 580 1974
Barsebéck 1 BWR 580 1975
Ringhals 2 PWR 820 1975
Ringhals 1 BWR 760 1976
Barsebéck 2 BWR 580 1977
Forsmark 1 BWR 900 1980
Ringhals 3 PWR 915 1980
Forsmark 2 BWR 900 1981
Ringhals 4 PWR 915 1982
Oskarshamn3 BWR 1050 1985
Forsmark 3 BWR 1050 1985
Figure 6. The Swedish nuclear program.

NORWAY

Nuclear Scorecard

At the moment there are 10 operat-
ing nuclear reactors in Sweden with
an installed capacity of 7,330 MW, pro-
ducing nearly 40 percent of the coun-
try’s electricity output. Seven are
boiling water reactors (BWR’s), all de-
signed and manufactured by ASEA-
ATOM, while the other three are
pressurized water reactors (PWR’s)
based on Westinghouse technology. By
1985-86 the two final plants, both
built by ASEA-ATOM (1,060 MW
each), will be operating, thereby in-
creasing the total output of Sweden’s
reactors to 9,450 MW. At the end of
this decade nuclear power should be
producing about 45 percent of the
country’s electricity. This percentage
will begin to decline sometime in the
late 1990’s if the older plants are de-
commissioned (see Figure 6).

In 1982, Sweden’s 10 reactors pro-
duced 39 TWh of electricity, which
amounted to around 4,600 kWh (kilo-
watt-hours) of nuclear generated elec-
tricity per person, the highest in the
world.

Since Sweden does not produce its
own uranium, the nuclear industry
buys its enrichment uranium from for-
eign sources: mainly from the U.S. gov-
ernment and the Soviet Union.

Ranstad

It is not a very well known fact that
Sweden has 70 percent of Europe’s
uranium deposits. The gently rolling
hills of western Sweden around Ran-
stad contain some one million tons of
uranium in a low-grade orebody—al-
though not all of it recoverable. The
catch is that it takes one ton of ore to
get 300 grams of yellow cake. Uranium
is now selling for about $25 per pound.
Says ASEA-ATOM’s Arto Kaipainen,
“The price of uranium would have to
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triple before Ranstad would be eco-
nomical. And it would take five to 10
years before Ranstad could have a
commercial operation.” For the fore-
seeable future, Ranstad’s uranium re-
serves will stay where they are, in the
ground.

Nuclear Industry

Sweden’s nuclear industry essential-
ly consists of one company—ASEA-
ATOM, formed in 1969 and part of the
ASEA group. In close cooperation with
the government and the State Power
Board, ASEA began to develop a boil-
ing light water reactor back in the
1950’s and 1960’s. They delivered their
first BWR—a 440-MW turnkey unit—
to OKG utility in Oskarshamn in 1971
and it began commercial operations in
1972.

Now with a firm lid placed on any
further nuclear development in Swe-
den, the company has turned abruptly
to other fields of power generation,
such as coal and fluidized bed technolo-
gies. Despite the prospects that the
company may never again have a do-
mestic market for their reactors,
ASEA-ATOM has pushed ahead with
novel reactor designs with the export
market in mind.

ASEA-ATOM began work on its
SECURE reactor for district heating in
1973-74. SECURE, which means Safe
and Environmentally Clean Urban Re-
actor, is based on ASEA’s BWR design,
but with one important switch. The
reactor core is at the bottom of a large
pool containing cold, highly borated
water. The pool is enclosed in a cylin-
drical prestressed concrete tomb and
the entire plant is below ground level.
It is covered with a prestressed con-
crete lid and is slightly pressurized.
ASEA-ATOM puts the costs of getting
SECURE at $80 to $100 million for a
unit of up to 400 MW thermal. B
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Green Power: Biofuels Are a Growing Concern

In order to reach the goals spelled
out in Parliament’s comprehensive En-
ergy Bill of 1981, Sweden has em-
barked on a fairly substantial biomass
program: everything in fact from ener-
gy plantations and utilizing logging
waste and junk timber to harvesting
agricultural residues such as straw.
But whether or not Sweden will actu-
ally be able to run in part on “plant
power” depends to a large extent on
the outcome of a variety of test pro-
jects, both small- and large-scale, that
are being carried out now. No doubt
Sweden will use more of its wood re-
sources, but how much is difficult to
predict.

When one tries to nail down the
amount of exploitable fuel wood in
Sweden’s vast forests, the going gets
very thick indeed. Sweden has often
been called “Europe’s last great wil-
derness,” since the middle half of the
country is almost solid woods—the
area of productive forest land covers
235,000 square kilometers (or 53 per-
cent of Sweden’s total land area). How-
ever, the actual amount of marketable
timber cut every year in Sweden’s for-
ests amounts to nearly 70 million cubic
meters (solid volume), most of it going
into exports worth 25 billion Skr ($3.33
billion) annually. About 50 million cu-
bic meters of potential fuel wood rots
at the cutting sites after private and
commercial logging operations have
finished. This waste consists of stumps,
roots, tops, branches, leaves, needles,
trimming wastes and deciduous “junk”
trees. Of this 50 million cubic meter
potential, the Energy Administration
estimates that close to 28 million cubic
meters of it could be economically har-
vested if whole tree utilization tech-

niques were introduced on a large
scale. But even this modest figure is
chopped down by the forest industry to
between eight and 13 million cubic me-
ters, given the present state of harvest-
ing technologies. The real figure
probably lies somewhere between 11
and 28 million cubic meters.

The Swedish Pulp and Paper Associ-
ation is quick to point out that the
country’s forestry industry is already
beginning to utilize nearly every stick
of wood in order to reduce wastage and
cut down on energy costs. Many pulp
and paper companies, such as Stora
Kopparberg and MoDo, use stumps
and roots, converting this “waste” into
extra wood chips for the pulping pro-
cess, and bark-fired boilers are replac-
ing oil-fired ones in many sectors of
the industry. Furthermore, as the de-
mand for wood-based products in-
creases, companies will exploit their
own resources more efficiently.

As of 1982 there were around 46
large-scale plants fired with biomass
(some burning peat and refuse-derived
fuel as well) scattered throughout the
country. Most were industrial boilers,
but a number of the plants were pro-
ducing hot water for district-heating.
In Mora, central Sweden, a 4-MW dis-
trict heating plant burns 30,000 cubic
meters of wood chips a year, saving the
community around 30 million Skr ($4
million) annually in heating costs. In
northern Sweden, the city of Oster-
sund has one wood-fired district heat-
ing plant and another will soon be
operating on peat.

For Sweden to reduce its dependency
on oil to 40 percent by 1990, the gov-
ernment is counting on using at least
13 million cubic meters of wood-de-

growing clones.

o Growth Rate
o Growth Rhythm
® Rooting Propensity

® Hardiness to Frost
® Tolerance of Physiological Stress

® Sprouting Propensity

® Tolerance to Biotope Variability
® Trunk and/or Branch Type

® Bark Thickness

o Leaf Attributes
o Attractiveness to Wild Animals

Figure 7

Sweden’s energy forest program has a rigorous
16-point criteria of acceptance for developing fast-

® Resistance to Parasites and Pathogens

® Dry Matter Production with Different Rotations

® Response to Fertilizers, lon Absorption Capacity

® Wood Attributes (Wood Density, Moisture Ratio, etc.)

® Sociability (Tolerance of Screening/Spacing Variability)

Source: G. Siren
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rived fuels by the beginning of the
next decade. Given the potential
amount of wood in the forests, this
seems like a reasonable enough target.
Coupled to this is the likelihood that
Sweden will also have full-scale energy
forest plantations operating by the
1990’s and will also have begun to ex-
ploit its vast reserves of peat. Despite
these bright prospects, there are sever-
al important caveats.

Eighty years ago the country virtu-
ally ran on wood and coal, but the
switch to oil in the 1950’s meant heavy
restructuring. Before Sweden can go
back to being “green,” some obstacles
have to be overcome. Not the least of
these obstacles is the creation of a new
infrastructure that can economically
use biomass-based fuels. This means
that growing ‘“‘green energy” is only
the first step, although an important
one. Harvesting machinery must be
developed and demonstrated, boilers
must be able to burn a variety of bio-
mass fuels and transportation systems
must be established. In all of these ar-
eas, the country is muscling ahead.
The question is: Will they make it
on time?

Energy Plantations

To date, Gustaf Sirén from the Uni-
versity of Agricultural Sciences in
Uppsala, and his researchers have ex-
perimentally cultivated over 6,000
clones, but so far only 20 to 30 variet-
ies seem able to stand up to his strin-
gent 16-point criteria of acceptance
(see Figure 7).

Research has shown that the most
suitable trees for short rotation energy
forests in Sweden are willows (Salix),

One of Sweden’s experimental energy forests near Stockholm sprouts
fast-growing clones of willows and poplars.



SKANSKA: Creating Custom-made Energy Storage Beneath the Earth’s Crust

Barely 10 years after the world’s
first gas streetlight lit up Pearl Street
in New York City, Skanska built its
first hydroelectric power plant in
northern Sweden. The year was 1890.
Since then, this giant Swedish con-
struction company has built over 200
hydropower stations, large and small,
in a dozen countries around the world,
close to 100 of them in Sweden.

With its vast experience in hydro
construction, which involves a sig-
nificant amount of tunneling work,
Skanska gravitated, as it were, further
underground. Today the company;
which claims to be able to “build ev-
erything, anywhere,” has either com-
pleted or is in the process of complet-
ing some 80 different underground
storage facilities. Most of these proj-
ects—carried out in the Nordic coun-
tries and France—involve energy stor-
age of one kind or another. Their
underground facilities accommodate
everything from crude oil, propane,
butane, petrol, gas-oil, diesel oil, jet
fuel, kerosene and coal to hot water
for district heating and the intermedi-
ate storage of highly radioactive spent
nuclear reactor fuel in underground
concrete water tanks. According to
Skanska, the total volume of all this
storage space amounts to about 15 mil-
lion cubic meters.

Petroleum storage in solid rock is a
relatively recent development, given a

needed nudge by the “energy crisis” of
the 1970’s.

“The construction techniques vary,
of course, depending on what is to be
stored, but two general rules apply in
all cases of liquid energy storage: the
products must be stored below the wa-
ter table and must be nonsoluble in
water,” points out underground proj-
ect manager Hans Pilebro.

The reasons for this are readily ap-
parent. All petroleum products com-
mitted to the earth must be sunk be-
low the groundwater table because 1)
the product must be kept out of the
groundwater and, more importantly,
2) the natural groundwater pressure in
the rock can be used to reinforce the
cavern, keeping the product locked
firmly inside its underground “co-
coon.”

Groundwater, of course, finds its wet
way into the caverns and must be
pumped out via a separator. But then,
underground caverns, such as mines,
are not naturally waterproof. And
when it comes to energy storage cav-
erns, they are designed not to be wa-
terproof. Crude oil (like most other pe-
troleum products) floats on a “water
bed,” the level of which is constantly
regulated by pumps.

More volatile petroleum gases, such
as propane, can be stored safely and
securely in the ground too, but they
must be placed deep enough so that
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the groundwater pressure in the sur-
rounding rock is higher than the pres-
sure of the gas. “In practice this means
that the roof of the propane storage
cavern is 100 meters (300 ft.) below the
water table,” explains Gosta Jansson,
Skanska’s business development man-
ager for international projects.

With projects getting larger, deep-
er and more complicated, Skanska’s
wealth of underground experience has
netted them about 60 percent of all en-
ergy storage projects in Sweden.

Recently, Skanska finished one of its
largest underground projects, a mam-
moth cavern for storing 800,000 cubic
meters of crude oil, in Gothenburg on
Sweden’s storm-tossed west coast.

By contrast, one of the company’s
smaller projects (in terms of volume)
happens to be one of its most interest-
ing. The Uppsala suburb of Lyckebo is
the test site of a unique 100,000 cubic
meter underground cavern that will
store solar-heated hot water from sum-
mer to winter to provide space heating
and hot water for 550 single-family
homes.

The unusual shape of the cavern—
circular with a pillar of solid rock in
the middle—was designed to minimize
heat losses to the surrounding rock (see
photo). Skanska had to keep the vol-
ume large but the surface area rela-
tively small.

However, Skanska’s senior vice-pres-
ident, Folke Eneroth is quick to point
out that this is only a test project: “The
total cost of the project is set at 39 mil-
lion Skr ($5.2 million), but most of that
goes for the flat plate solar collectors
and auxiliary equipment. The cavern
and related hardware cost only about
17 million Skr ($2.26 million).”

Skanska is also involved in another,
much larger, district heating project at
Igelsta, just south of Stockholm. The
Igelsta project has brought together a
number of Sweden’s most innovative
companies.

One of the conditions for using coal,
however, was that the plant should be
provided with a completely closed coal
handling and storage system. Skanska
got the contract to design and con-
struct two deep silos capable of storing
100,000 cubic meters of coal safely in
the ground. The company also built in
a number of safety devices that will
more or less eliminate the possibility
of spontaneous ignition, always a nag-
ging problem with stored fuels.

Skanska, with its unique store of
practical knowledge, expects to make
many more constructive contributions,
offering solutions to some of the trou-
blesome technological snags encoun-
tered in storing and moving energy. B
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alders (Alnus) and poplars (Populus).

At five experimental stations scat-
tered around Sweden—Bogesund,
Studsvik, Ultuna, Koping and Sosdala
and at Jddraas in Norrland—research-
ers were able to produce very high-
yielding clones using normal doses of
agricultural fertilizers. The plots were
carefully selected for different micro-
climates and soil conditions. The re-
sults, according to Sirén, are im-
pressive. Some of the plots produced
up to 60 cubic meters of wood per hec-
tare annually, or in other words, 20
tons of dry matter per hectare per
year. For those who like to fiddle with
figures, 7.5 cubic meters of Salix wood
equals one ton of crude oil. In this con-
text, the energy content in a ton of
biomass is approximately equivalent to
the energy needed to drive a truck
about 5,000 km. Dr. Lars Hansson,
from the Biomass Division at the Na-
tional Energy Administration, calcu-
lates that a trained farmer will be able
to produce five to 10 tons of oil-equiva-
lent per hectare per year. Projections
also indicate that at such a yield, pro-
duction costs are in the brackets of
present oil prices.

The amount of land actually avail-
able for energy forests has been hotly
contested—with the government in-
sisting on higher figures and the for-
estry industry and others reducing
them. In any event, Sirén figures that
about 1.5 million hectares—taking
into account abandoned farmland, pre-
viously exploited peat bogs and dere-
lict “waste” land—could realistically
be employed to grow energy. This adds
up to about 3.5 percent of Sweden’s
total land area, or about 50 percent of
the land currently put to the plough.

Growing high-yielding energy plan-
tations might very well be likened to a
large-scale successful agribusiness op-
eration. Machines will plant the clones
only after the soil has undergone prop-
er weeding and structural and nutri-
tional preparations, as well as a water
regime control. The plots will then be
harvested mechanically every two to
four years. Right now, there are no
commercially available harvesters for
working energy plantations, but two
prototype harvesters will be tested out
in the winter of 1984-85.

“Our fertilization program is care-
fully monitored and is based on the
idea of recirculation of the nutrient
elements, as well as avoiding leakage
to the environment,” comments Sirén.
After a high yield has been obtained
from a carefully fertilized stand, the
harvest is used as fuel and the ash is
returned to the soil. “Because of the
ash return,” explains Sirén, “only mi-
nor quantities of nutrients other than
nitrogen are needed, in addition to the
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litter. Nitrogen losses to the soil are
made up for by adding appropriate
quantities of calcium and ammonium
nitrate, or by using nitrogen-fixing
alders as a mix or in pure stands. In
short, we are applying intensive agri-
cultural techniques on crops of woody
plants.”

For energy forests to work, the
stumps must continue to sprout after
every harvest year after year. So far,
so good. Sirén’s clones seem to be
among the fastest in the West. The
growth record was captured in 1982
when one shoot shot up to 4.7 meters.
According to Sirén, “sample plots with
an average height of six to seven me-
ters are frequent in two-year-old
stands.”

Within the framework of Sweden’s
overall energy picture, fast-growing
forests will possibly contribute up to 15
terawatt-hours (TWh) per year to the
budget by the turn of the century.

This view is based on the assumption
that the test results so far obtained can
be duplicated commercially. Four
large-scale test projects are under way
to prove that they can. But a number
of problems must be overcome before
biomass becomes commercially viable.
Very little is known, for example,
about the potential threats to energy
monocultures from insects, moose,
field mice and a wide variety of pest
organisms, including fungi, parasites,
bacteria and viruses.

The energy forest program has also
come under fire from environmental-
ists claiming that the amount of fertil-
izers used in some stands was
excessive. Complains Professor Lars
Emmelin, Course Director of the Envi-
ronmental Studies Program at Lund
University, “If nitrogen fertilizer has
to be applied in amounts of about 200
kilograms per hectare, the risks of con-
tamination of ground and surface wa-
ter is considerable.”

Sirén, aware of the problem, is at-
tempting to overcome it by using nitro-
gen-fixing alders, among other things.
Alders are also attractive because they
seem to grow well on waterlogged soils,
precisely those most susceptible to con-
tamination.

As for diseases, Sirén calculates on
an attrition rate of 15 percent per
stand. “Pesticides will not be used to
control either pests or diseases,” he
affirms.

The government will attempt to sort
out fact from fiction and hopefully give
a go-ahead to the further exploitation
of Sweden’s “‘green oil.”
Peat: Back to the Bogs

What Sweden lacks in fossil fuels—
the country has none, with the excep-
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tion of small deposits of a practically
useless claylike coal—is richly com-
pensated for by large tracts of wooded
peat land. Dr. Hugo Sjors, Professor of
Ecological Botany at Uppsala Univer-
sity, sets the total area of peat land in
Sweden at 5.4 million hectares, or
about 14 percent of the entire country.

However, out of this impressive fig-
ure only a slice of it may prove to be
economically exploitable. Many of
Sweden’s peat bogs are simply too in-
accessible at any price, some are found
within nature preserves or other pro-
tected regions and still others contain
such thin, poor-quality peat that it is
not worth excavating.

In a controversial report released in
1980, the Swedish Geological Survey
put peat resources at about 10 billion
tons of dry matter (eight billion tons of
this is in northern Sweden), which fig-
ured out to about four billion tons of
oil equivalent. It has been calculated
that if all the peat could be utilized for
energy production, it would free the
country from oil for 100 years.

The harsh reality is that out of this
reserve of potential peat power, per-
haps only 5 percent of the total can be
dug up and used as fuel. Nevertheless,
the Energy Administration estimates
that there are about 50,000 hectares of
easily exploitable bogs which should
produce around 10,000 TWh/y.

Peat-power proponents such as Dr.
Olle Lindstrom at the Department of
Chemical Technology of the Royal In-
stitute of Technology in Stockholm are
convinced that peat can be a major
source of energy by the turn of the cen-
tury.

“Because of more favorable and real-
istic cost-benefit analyses, peat re-
mains an attractive alternative source
of energy,” maintains Lindstrom.
“Peat is already economically competi-
tive with coal in Sweden, but the prob-
lem is, we have a long tradition of
burning coal and very little experience
with peat for energy purposes.”

The number one problem in utiliz-
ing peat as a fuel is how to dewater it.
Even processed milled peat still con-
tains about 50 percent water. New pro-
cesses are being developed that dry the
peat and form it into pellets or bricks
for easier transportation and end-use.
PLM Environmental Systems in
Malmo and Flikt in Stockholm, for ex-
ample, have developed flash driers and
other processes that dewater biomass-
based fuels, forming them into chips,
powder, bricks or pellets.

In order to push peat R&D activities
a little harder, the government intends
to establish a Peat Research Institute
in Ume4, northern Sweden, with funds
from both the public and the private
sectors. B



FLAKT: The Clean Air Specialists

Today, the screws are being tight-
ened on environmental standards in
many countries, and the U.S. is no
exception. While virtually all major
fossil fuel-fired power plants are
equipped with filters for collecting fly
ash from the flue gases, many still lack
desulfurization equipment. The result
is an increasing blight of acid fallout,
both wet and dry, across large areas of
North America (especially along the
eastern seaboard) and in Northern Eu-
rope. Acid deposition kills freshwater
fish like salmon and trout, and dam-
ages crops and forests. Corrosion dam-
age to buildings and metal surfaces
caused by sulfur gases from power
plants and industrial processes costs
western Europe about $40 billion a
year and pollution damage to U.S.
crops amounts to an estimated $2 bil-
lion a year.

Flidkt, Inc., a subsidiary of the giant
Swedish company Fldkt AB, offers a
wide range of pollution control equip-
ment: from sulfur scrubbers, electro-
static precipitators and fabric filters to
air conditioning and ventilation equip-
ment, waste handling systems using
compressed air, heat recovery and heat
exchangers, and anti-stall industrial
fans, among many others.

In order to reduce these tremendous
costs the installation of proper envi-
ronmental control technologies, such
as Fldkt’s Dry Flue Gas Desulfuriza-
tion (FGD) is necessary. This system
is based around two primary items
for cleaning the boiler off-gases. This
would consist of spray dryer reactor(s)
followed by a particulate collector of
either an electrostatic precipitator or
a fabric filter.

The first stage is a dry SO, scrub-
ber (reactor) where absorbent lime is
sprayed into the hot flue gases as they
pass through the reactor. As the lime
slurry is absorbed by the exhaust gas-
es, the. calcium in the lime binds with
the sulfur dioxide, is dryed by the hot
gases and passed on with the fly ash to
the particulate collectors. To facilitate
proper sulfur removal and to insure
a dry product the temperature within
the reactor is controlled via the water
content of the lime slurry.

According to Flakt’s engineers, “for
coal with a sulfur content of up to 1.5
percent this method will pick up 80-90
percent of all sulfur emitted in the
combustion process.”

The second stage can consist of an
electrostatic precipitator to collect
the combined fly ash lime dry product
prior to exit to the atmosphere. In
this process the dust particles are
passed through strong electrical fields
thereby charging the particles. These
particles then migrate to oppositely

charged collecting electrodes where
they are deposited.

Alternatively a fabric filter may be
used for the second stage. In this case
the particles are collected on the in-
sides of thousands of large (12"x30’
long) cylindrical fabric bags housed in
various compartments within a mas-
sive steel structure.

In either case the particles are even-
tually deposited into hoppers when the
dust is transmitted to storage areas for
later disposal or selling. Both devices
provide 99 percent plus dust removal
from the gas stream thereby insuring
clean gas is emitted from the power
plant stack.

Flakt’s Dry FGD plant at the Grand
River Dam Authority’s 520 MW coal-
fired electricity generating station
near Pryor, Oklahoma will use four
dry scrubbers and two electrostatic
precipitators when it is completed in
1985. The $70 million project is the
largest single contract ever awarded to
Fldakt’s U.S. subsidiary. It also includes
a lime unloading, storage, transfer,
slaking and slurry pumping system
and a complete microprocessor-based
instrumentation and control system.
The system will treat an incoming gas
stream at 300 degrees F., remove 85
percent of the sulfur, 99.7 percent of
the particulate and exit a 170 degrees
F. cleaned gas to the atmosphere.

Other Products

Flakt’s new modular KDA air han-
dling unit with heat recovery, is an-
other product that has seen dramatic
sales increases in the U.S. market.

-

KDA has an air flow range of up to
72,000 cubic feet per minute and it
comes in 12 sizes with over 24 differ-
ent unit sections available. The units
are produced in Fldakt’s modern manu-
facturing facility in Winston-Salem,
North Carolina.

Flakt’s breakthrough with its new
anti-stall axial flow industrial fan, is
yet another example of innovative de-
velopment. The novel design provides
stable fan performance regardless of
system resistance and prevents “stall-
ing”—a problem which invariably lim-
ited the operating range of axial flow
fans. Stalling increases energy con-
sumption, noise levels and the risk of
mechanical breakdown.

The company also excels in ventila-
tion and air conditioning equipment,
designed for rigorous environments.

Flakt’s DIRIVENT ventilation sys-
tem has been installed in over 2,000
work environments around the world;
from machine shops and department
stores to sports facilities and ware-
houses. In buildings with high ceilings,
the heated air rises to the top, leaving
pockets of cooler air close to the floor
where people work. Flikt’s system
uses small jets of air to direct pretreat-
ed ventilation air horizontally as well
as vertically to wherever it is needed.

Additionally, Flakt supplies and in-
stalls up-to-date ventilation and air
conditioning systems for the textile,
tobacco, and nuclear utility industry
through its Bahnson Division. Bahn-
son further has a specialized line of
textile cleaning equipment that has
been the recognized leader for many
years in the textile industry. @
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Flakt’s DRYPAC system is being employed at the Grand River Dam Authority’s coal-fired

power station near Pryor, Oklahoma.
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Studsvik Energiteknik

In their epic book Solar Sweden, the
Swedish physicists Peter Steen and
Thomas B. Johansson noted that Swe-
den could be run completely on renew-
able energy sources by the year 2015.
They also calculated that Stockholm,
for example, receives each year 1,500
to 2,000 hours of sunlight, or about 40
percent as much as the Sahara Desert.
The problem, of course, is obvious.
Whereas North Africa has constant
sun the year round, Sweden’s incom-
ing solar energy per square meter is 30
times greater in the summer than in
the winter. This means that the coun-
try must be able to store solar energy
from summer to winter.

Sweden, in attempting to tap solar
radiation directly by using solar panels
to provide space heating and hot water
for homes, offices and apartments, has
launched a surprising array of solar-
related energy storage projects, most
of which are under the direction of the
Swedish Council for Building Research
(BFR).

During the three-year period
1981-84, BFR devoted almost $7.4 mil-
lion for solar heating technology out of
a total budget for “energy use in build-
ings” of $51.2 million. When one keeps
in mind that 40 percent of Sweden’s
total energy bill goes for space heating
and hot water, reducing dependence
on oil in this sector is a very important
part of the overall energy plans.

“We have three times as much mon-
ey now as we did five years ago,” com-
ments Ingrid Munro, director general
of BFR. “About half of our money goes
into developing new energy techniques
(e.g., solar heating) along with energy-
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Sweden’s Solar Drive

saving technical fixes, such as better
insulation materials.”

BFR is focusing its solar storage pro-
jects in three areas: storage in the
ground (rock or clay), in water and in
underground caves.

The government-owned company
Studsvik Energiteknik AB, in coopera-
tion with BFR, announced in 1978 that
they had developed the first solar ener-
gy system for central heating that fea-
tured (at that time) season-to-season
storage. The prototype plant, operat-
ing since 1979, supplies a 500-square-
meter office building at Studsvik with
its total yearly heating requirements
(about 22.5 MWh/yr).

Sweden’s geology grants the country
favorable rock conditions for energy
storage in the ground. Methods for
such storage are now known, and as-
sessment is being carried out in sever-
al experimental installations. Bore-
hole heat stores in rock and clay,
excavated pit heat stores, rock cavern
heat stores and aquifer heat stores are
all under consideration. Using present-
day methods, it should be possible to
build large-scale heat stores at a capi-
tal cost of less than 1 Skr/kWh/yr of
storage capacity.

The Lyckebo Project

In the Uppsala suburb of Lyckebo,
one of Sweden’s most unique under-
ground energy storage projects is tak-
ing shape. When it is finished in 1984,
550 dwellings will be heated by hot
water stored in a 100,000 cubic meter
cavern sunk 30 meters into solid rock.
The water will be heated by 4,300
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Studsvik Energiteknik’s experimental solar-heated hot water basin. The solar panels sit
atop an insulated tank filled with solar-heated water for heating the office building in the

background.
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square meters of solar collectors and a
6-MW electric boiler.

The project contains some curious
technological twists. Since the temper-
ature of the solar energy “captured”
by the fluid in the collectors varies
greatly over the course of the day, it
must be fed into the rock cavern at
different temperatures. In order to do
this, a sophisticated computer-con-
trolled system was devised that will
channel the heated water from the col-
lectors into the corresponding temper-
ature layer in the cavern, where water
temperatures will vary from 90 de-
grees C. at the top to 40 degrees C. at
the bottom. With such definite strati-
fied temperature layers, the water can
then be tapped at different tempera-
tures, depending on the season. In
summer, for example, the water will
be drawn from the 60 degrees C. layer,
whereas in winter it will be taken from
the 75 to 90 degrees C. layers.

Not surprisingly, the 4,300 square
meters of solar collectors are only suf-
ficient to provide about 15 percent of
all the hot water needs of the commu-
nity (at a peak supply of 2.5 MW). The
remaining 85 percent will be generat-
ed “simultaneously” in the 6-MW elec-
tric boiler during summer nights
(when electricity is very cheap). This
way the whole system acts like a 100
percent solar heated energy system.

Conclusion

BFR predicts that by 1990 solar en-
ergy, most likely in combination with
heat pumps and electric boilers, will
provide nearly 1 TWh/yr of energy for
space heating and hot water.

On the optimistic side, Ingrid Munro
believes that up to one third of all new-
ly constructed multifamily homes in
Sweden will have solar-heated tap wa-
ter by the end of this decade, corre-
sponding to an installed capacity of
25,000 square meters per year of col-
lectors. According to BFR, the same
estimate applies to houses already
built. To this can be added *5,000 to
10,000 square meters of collectors for
villas,” states a BFR report, giving a
grand total of 50,000 to 60,000 square
meters of installed solar collectors ev-
ery year, or 25 to 27 GWh/yr.

This may sound like an overly opti-
mistic assessment, but in reality solar
is still a very small part of the overall
picture. Solar has potential in Sweden
because—in combination with other
technologies—it can help to make re-
ductions in the highest oil-consuming
sector, space heating, where every cal-
orie of energy saved or provided by a
domestic source means cheaper oil
bills. B



Fluidized Beds: Boilers With More Bang

Conventional fluidized bed technolo-
gy relies on what is termed a “bub-
bling bed.” Now for the sake of
simplicity, a bubbling bed can be com-
pared to a pan of water—only a quar-
ter filled—which is set on the stove to
boil. Like the water in the pan, the
bubbling bed has a well defined “bed”
surface or area. When the water in the
pan reaches the boiling point it bub-
bles violently and the water is rapidly
converted into steam. The same princi-
ple applies to the bubbling bed, except
the water is replaced by air and the
bed material consists of sand, ash,
limestone and a small amount of fuel.
Combustion air is blown into the boil-
er through the base plate and loosens
up the bed material until it “floats”
on the turbulent air. The more violent
this “boiling” in the bed becomes, the
more turbulent the fluidization and
gas bubbles shoot through the bed ma-
terial (hence the term “bubbling bed.”)

Continuing the analogy a little fur-
ther, as the water in the pan will even-
tually boil away unless more is added,
so too the bubbling bed can only be
maintained if a small but constant
amount of combustable fuel is added to
the bed material. The height of the bed
can be controlled by either removing
some ash or adding more of it. The
fluidized bed, like the water in the pan,
must “boil” in order to perform its
function—producing energy (as op-
posed to cooking food).

Bubbling bed processes burn fuel
very efficiently, maintain constant
combustion temperatures (usually
around 850 degrees C.) and are much
less polluting than standard boilers,
since sulfur and nitrogen oxides are
removed in situ as part of the combus-
tion process. But conventional bub-
bling beds do have limitations: they

are normally designed to burn only
one type of fuel, like coal or oil (fuel
switching is complicated and expen-
sive); on the average, 10 to 15 percent
of the fuel remains unburnt; they have
poor “turn-down” properties (in other
words, once in operation it is difficult
to alter the fuel/combustion air ratio);
and last, they are not as robust as pul-
verized coal burning boilers for indus-
try or district heating, which is a
well-established technology.

Three Swedish companies—Goétaver-
ken Energy Systems of Gothenburg,
ASEA-PFBC (a joint company with
ASEA-ATOM and Stal-Laval) and Stal-
Laval, both headquartered in Fin-
spang—claim to have overcome these
major commercial stumbling blocks
with three important technological
advances: Gotaverken’s Circulating
Fluidized Bed (CFB), ASEA-PFBC’s
Pressurized Fluidized Bed Combustion
(PFBC) and Stal-Laval’s Multi-Bed
Combustion (MBC).

All three systems have the following
advantages over typical bubbling beds:
With the exception of PFBC (which is
designed to burn any kind of coal),
each system burns a variety of fuels—
high- or low-grade coal, wood chips or
sawdust, peat and even refuse-derived
fuels (RDF). The heat transfer to the
tubes containing hot water or steam is
much more efficient; their environ-
mental improvements are manifold—
sulfur retention is 85 to 95 percent, as
compared with a maximum of around
80 percent for bubbling beds, and all
three have significantly reduced NO,
emissions because of staged combus-
tion; and finally, since the combustion
process is more efficient, less fuel is
used.

Here their main similarities end. In
attempting to overcome the commer-

cial limitations of conventional bub-
bling beds, each company has ap-
proached the problem from different
angles.

Circulating Fluidized Bed (CFB)

In Gotaverken’s CFB process there
are two bed “regions”: a bubbling bed
at the bottom and a “suspension bed”
on top of it. The bed particles, consist-
ing of sand, limestone (dolomite) ash
and a small amount of fuel, are con-
stantly circulating between the two
beds. This circulation results in better
fluidization in the beds and a combus-
tion efficiency of 99 percent. The excel-
lent combustion properties in the CFB
are due to the very intensive mixing of
air and fuel and the internal recircula-
tion of the unburnt fractions of the
fuel by the cyclone.

The process can be likened to a Fer-
ris Wheel at an amusement park. Com-
bustion air is pumped in through the
bottom of the boiler, while the lime-
stone and fuel is fed in through the
sides. The bed particles then move
from the bottom bed to the upper one
and are circulated around again via
the cyclone.

Through this dual process, the densi-
ty of the particles in the suspension
bed can be altered according to the
type of fuel burned. Furthermore, the
mean particle size in the bottom bed
can be changed according to fuel type,
which allows for better control of the
firing temperature in the boiler, and in
turn gives a better thermal efficiency
and less pollution, especially from ni-
trogen oxides (NO,) and sulfur. The
combustion is easily controlled over a
wide load range.

By using staged combustion, a reduc-
ing atmosphere is maintained in the

B GOTAVIRKEN

CFB-BOILER PLANT FOR RDF/WOOD WASTE
AT SUNDSVALL, SWEDEN

MBC Boiler Plant with Fluidized Bed Combustion

STAL-LAVAL
MBC-Heat for the Future
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lower part of the boiler, thus reducing
NO, emissions from fuel-bonded nitro-
gen. An oxidizing atmosphere is main-
tained in the upper part of the boiler
to complete the combustion process.
Sulfur is removed by adding limestone
or dolomite to the bed material, as
mentioned previously. In this way, sul-
fur is removed as part of the combus-
tion process and no other energy
inputs are needed. The chemical bond-
ing of sulfur to the calcium in the lime-
stone forms gypsum, which can be sold
to the construction industry as build-
ing material or as roadbed filler.

The flow diagram shows Gotaver-
ken’s new CFB boiler plant, which is
being built at Sundsvall, Sweden. This
turnkey 20-MW plant will be attached
to an existing cogeneration district
heating/electricity generating plant.
The CFB unit will burn refuse-derived
fuel, wood waste and peat, and the re-
sulting superheated steam will be used
to increase the output of the cogenera-
tion plant.

The Multi-Bed Combustion (MBC)
Boiler

Stal-Laval’s MBC boiler has a capac-
ity of from 5 to 50 MW and consists of
two bubbling beds, stacked one on top
of the other, like a bunk bed. The bot-
tom “bunk” is the primary combustion
bed, and the top bunk acts as the sec-
ondary one. Just as with Gotaverken’s
CFB technology, the main reason for
the two-bed system is that more calo-
ries of energy can be tapped per kilo of
fuel compared with more conventional
methods. Another reason is its small,
compact size. A 20-MW MBC unit
takes up an area no larger than 25 x
25 meters, with a height of only 14
meters.

It works on a simple design princi-
ple: cooling pipes, which produce hot
water or steam are embedded in sand
and ash in the first bed. The fuel, say
coal, along with limestone, is then fed
into the lower bed either from the bot-
tom, sides or even the top (depending
on the type of fuel used). Like the oth-
er fluidized beds discussed in this sec-
tion, only 1 percent of the total bed
consists of fuel; the rest is sand, ash
and limestone (or in some cases dolo-
mite, although the MBC uses only
limestone). The combustion air enters
the boiler through a perforated plate
under the bed material of the first bed
and mixes with the coal and limestone,
creating a very efficient heat transfer
to the cooling pipes. In theory, at least,
what combustible particles escape the
first bed are burned up in the second.
Comments Lars-Olof Ingesson, head of
market research and product develop-
ment for the MBC, “The amount of
unburned particles is only 2.5 percent,
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and even if the boiler is running at
only 30 percent of its load capacity, the
combustion efficiency is 95 to 96 per-
cent” (see diagrams).

Like most fluidized beds, it must be
preheated with oil or gas before the
ignition temperature of 850 degrees C.
is reached. However, it can be fine-
tuned to take different fuels, including
peat and wood wastes. According to
Stal-Laval, three different techniques
can be used to adjust the bed charac-
teristics to control the energy output:
taking out some of the bed material,
controlling the temperature and turn-
ing the boiler on and off. The boiler
load can be adjusted by taking out bed
material; controlling the temperature
in this way, the load can be adjusted
down to 30 percent. The load can be
adjusted further-—down to 5 percent—
by turning the boiler on and off.

Flue gases from the primary and sec-
ondary combustion beds are finally
cooled 150 to 200 degrees C. in devices
called economizers placed above the
beds. Stal-Laval says that the high de-
gree of heat transfer in the beds re-
sults in the need for smaller heating
surfaces and permits a more modest
boiler volume.

When coal is incinerated, it produces
polluting oxides of sulfur. The lime-
stone binds the sulfur oxides forming
calcium sulfate, which can then be re-
moved together with the dust and ash
via a cyclone and a filter. The process
captures 85 to 90 percent of all the
sulfur released during combustion,
and only around 200 ppm (parts per
million) of nitrogen oxides (NO,) are
released into the atmosphere, half the
permitted level.

The new boiler operates automati-
cally in a completely closed system. A
10-MW reference unit for district heat-
ing purposes—to be fueled with coal,
peat and wood wastes—has been or-
dered by the town of Nykoping, south
of Stockholm.

Pressurized Fluidized Bed
Combustion (PFBC)

ASEA-PFBC technology is nothing
less than a breakthrough. For the first
time, a fluidized bed can actually be
used on a large scale to generate elec-
tricity, as well as hot water or steam
for district heating. PFBC is perhaps
most promising as a technology that
will be used in cogeneration plants,
producing both electricity and hot wa-
ter for district heating, as well as in
condensing power plants.

All fluidized beds are designed for
optimum combustion efficiencies, but
scaling bubbling fluidized beds up to
the sizes required for electricity pro-
duction was considered uneconomical,
too complicated and too expensive. In-
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deed, it took a truly multinational
effort by Stal-Laval involving ASEA-
ATOM, Deutsche Babcock and the
American Electric Power Corporation
to develop and demonstrate the PFBC
boiler.

Essentially, Stal-Laval engineers
have put a bubbling bed inside a cham-
ber pressurized to 16 bar (atmos-
pheres). A Stal-Laval GT-120 gas tur-
bine, which runs on cleaned flue gas
from the boiler, drives a compressor
that supplies the fluidized bed with
pressurized combustion air. Coal and
dolomite are fed into the bed through
the bottom plates, along with combus-
tion air (no sand is needed for the bed).
The coal particles along with granular
inert ash particles and dolomite are
kept in a fluidized suspension by the
turbulent upward flow of air. Thanks
to the pressurization, the combustion
takes place over a large volume and is
very efficient—99 percent of the fuel is
consumed. Most of the thermal energy
released is transferred to the water
and steam in the tube coils distributed
throughout the fluidized bed. The
steam that is generated drives a steam
turbine (also made by Stal-Laval) that
produces electricity. (The turbine can
also produce hot water or steam for
district heating.)

The flue gases are cleaned in three
cyclone stages to remove most of the
fly ash before it goes to the gas tur-
bine. Apart from the compressors, the
gas turbine also drives an alternator.
The heat remaining in the flue gases is
transferred to the feed water. Finally,
the exhaust gases are led through a
fabric filter before being discharged up
the stack.

The PFBC unit described here is de-
signed to produce up to 330 MW of
electricity. (However, the unit could
just as well be plugged into a district
heating network.)

Since dolomite is added with the
fuel, most of the sulfur is captured by
the calcium in the dolomite. “Tests
carried out in our Component Test Fa-
cility (CTF) in Malmé demonstrated
that the PFBC could even capture 93
percent of the sulfur in coal from the
eastern U.S. with a sulfur content of
4.7 percent,” exclaims ASEA-PFBC’s
president, Carsten Olesen. “And the
NO, emissions are also well below per-
mitted levels.” B

For further information on energy
developments in Sweden contact:
M. Hojeberg

National Energy Administration
S-117 87 Stockholm

Tel: (8) 74 49 500

Telex: 12870 energy
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There’s alot worth saving in this country.

Today more Americans who
value the best of yesterday are
working to extend the life of a
special legacy.

Saving and using old buildings,
warehouses, depots, ships, urban
waterfront areas, neighborhoods and
Main Streets is more than just a senti-
mental gesture. Economically it makes
good sense to restore and revitalize quality
structures. Preservation saves energy and
materials at a time when our resources are limited,

We can also appreciate the artistry and
design of these many old structures, which are as
much a part of our unique culture as the art and
music we have given the world.

The National Trust for Historic Preser-
vation—in cities, towns and neighborhoods—
helping to keep our architectural heritage alive
for us and for our children.

Help preserve what’s worth saving in
your community. Contact the National Trust,
P.O. Box 2800, Washington, D.C. 20013.

National Trust for
Historic Preservation

Preservation builds the nation
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The Proteins of Oncogenes

The genes that cause cancer are altered versions of normal genes

encoding proteins with important roles in normal cells. Oncogenic

proteins induce cancer by partially mimicking the normal proteins

ncogenes are genes that cause
cancer. They are altered ver-
sions of ordinarily benign genes
present in normal cells. What makes
them oncogenic? Like other genes they
encode proteins, the fundamental sub-
stances that provide the structure of the
living cell and catalyze its biochemistry,
thus determining its form and function.
The proteins encoded by oncogenes
function abnormally and somehow or-
dain the transformation of a normal cell
into a cancer cell. What are these onco-
genic proteins and how do they trans-
form cells? A decade’s intensive study is
beginning to reveal common principles
underlying the functions of transform-
ing proteins, suggesting that a limited
number of mechanisms may account
for carcinogenesis and that one day the
mechanisms may be understood.

Oncogenes have been brought to light
by two disparate but converging lines
of investigation. The first was a study
of retroviruses: viruses whose genetic
material is not DNA but RNA, which
is transcribed ‘“backward” into DNA
when the virus infects an animal cell.
Some retroviruses carry among their
genes a single gene responsible for rapid
oncogenesis. Such a gene was first iden-
tified in the early 1970’s in Rous sarco-
ma virus (RSV), which causes cancer in
chickens; the gene was named src, for
sarcoma. (Other oncogenes have since
been designated by analogous three-let-
ter abbreviations.) Soon the protein the
src¢ gene encodes was isolated by Ray-
mond L. Erikson and Joan S. Brugge,
who were then at the University of Col-
orado School of Medicine; it was des-
ignated p60src because its molecular
mass is 60,000 daltons.

In 1975 J. Michael Bishop and Harold
E. Varmus of the University of Califor-
nia School of Medicine in San Francisco
found that src is not truly a viral gene. It
is a nearly exact copy of a gene found in
all chicken cells. The normal “proto-on-
cogene” was picked up by a weakly on-
cogenic retrovirus in the course of infec-
tion, and in the process it somehow be-
came a cancer gene [see “Oncogenes,”
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by J. Michael Bishop; SCIENTIFIC AMER-
ICAN, March, 1982]. By now a score of
oncogenes have been isolated from ret-
roviruses that variously cause carcino-
ma, sarcoma, leukemia or lymphoma in
chickens, other birds, rats, mice, cats or
monkeys. In each case the oncogene has
been found to be closely related to a
normal gene in the host animal and to
encode an oncogenic protein similar to a
normal protein.

In the past five years a second line of
investigation has also begun to uncover
oncogenes, but in human and animal tu-
mor cells rather than in retroviruses.
Robert A. Weinberg of the Massachu-
setts Institute of Technology, Geoffrey
M. Cooper of the Dana Farber Cancer
Institute, Michael Wigler of the Cold
Spring Harbor Laboratory and Mariano
Barbacid of the National Cancer Insti-
tute and their colleagues independent-
ly found genes in the DNA of various
kinds of tumor cells that, on being in-
troduced by “transfection” into normal
cultured cells, transform them into can-
cer cells. These oncogenes too are virtu-
al copies of proto-oncogenes. Presum-
ably (although this has not yet been
shown directly) each oncogene was in-
strumental in generating the tumor from
which it was isolated.

A Single Pool

The human tumors that yielded onco-
genes are not induced by retroviruses,
and so there was no reason to expect the
tumor oncogenes to be the same as the
retroviral ones. Yet it has turned out
there is some overlap between the two
groups. The most frequently isolated tu-
mor oncogene has proved to be a homo-
logue of the retroviral oncogene ras,
which is carried by the Harvey strain
of murine sarcoma virus. The cellular
genes homologous to several other ret-
roviral oncogenes have been found in an
altered form in individual human tu-
mors, although in these cases the altered
genes have not been shown directly to be
oncogenic. It may be that retroviruses
and transfection experiments have ex-
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posed to view members of the same pool
of normal genes that are sometimes acti-
vated to become cancer genes.

The pool may not be large. Several
oncogenes have been isolated more than
once, suggesting that the number still to
be discovered may be small. Of the total
complement of human genes, estimated
to be some 30,000, perhaps fewer than
100 will prove to be proto-oncogenes.
What they have in common is that they
appear to have been highly conserved in
the course of evolution. For example,
the proto-src gene is found not only in
all vertebrate animals but also in the
fruit fly Drosophila; the proto-ras gene is
present in species ranging from yeasts
to man. This high degree of conserva-
tion implies that the proto-oncogenes
play crucial roles in the cell.

How do proto-oncogenes become on-
cogenes? There is evidence for several
mechanisms. In some cases an oncogene
has undergone mutation, presumably by
a carcinogenic agent (most carcinogens
are known to be mutagens), so that the
protein encoded by the mutant onco-
gene is slightly different from the nor-
mal protein. For example, Weinberg
and Barbacid found that the sequence of
nucleotides (the subunits of DNA and
RNA) in the ras oncogene they isolated
differs by only a single critical nucle-
otide from the sequence of the corre-
sponding proto-oncogene [see “A Mo-
lecular Basis of Cancer,” by Robert A.
Weinberg; SCIENTIFIC AMERICAN, No-
vember, 1983]. Each three-nucleotide
codon in a DNA sequence specifies a
particular one of the 20 amino acids that
are constituents of proteins. A protein’s
shape and function are determined by
the precise order of its amino acids, and
so changing just one of them can have
dramatic consequences. The mutation
in the ras gene alters one amino acid of
the gene’s product and thereby converts
a normal protein into an oncogenic one.

Activation may also involve a “dos-
age” effect. The quantities of some on-
cogenic proteins are very high in trans-
formed cells compared with the levels of
their counterparts in normal cells. In tu-



mor cells this can result from a failure of
gene regulation or from the presence of
multiple copies of the gene. In virally
transformed cells the oncogenic protein
is made in large amounts because the
oncogene functions like an active viral
gene. In other cases a gene is expressed
(translated into protein) inappropriate-
ly, either in the wrong kind of cell or at
the wrong time in the cell’s life cycle.

Protein Kinases

Whatever the specific mechanism
converting a proto-oncogene into an on-
cogene may be, an oncogene must final-
ly have its effect by way of the protein it
encodes. Much of what is known about
these proteins stems from the work of
Erikson and Marc S. Collett. When they
isolated p60src from RSV-infected cells
in .1978, they found it displayed enzy-
matic activity: it catalyzed the addi-
tion of a phosphate molecule to other

proteins. This was a highly suggestive
finding because phosphorylation was al-
ready known to be an important regula-
tor of protein function. The enzymes
that phosphorylate proteins are called
protein kinases (from the Greek kinein,
“to move”). They transfer the energy-
rich terminal phosphate group of aden-
osine triphosphate (ATP), the cell’s ma-
jor energy carrier, to the protein being
modified.

When p60src was found to be a pro-
tein kinase, several other such enzymes
were already known. It was assumed
p60src would be like them in that it
would add phosphate to one of two ami-
no acids, serine or threonine, that have
hydroxyl (OH) groups to which the
phosphate can be linked. It therefore
came as a surprise when Bartholomew
M. Sefton and I discovered that p60-
src instead phosphorylates tyrosine, the
onlyotheraminoacid thathas a hydrox-
yl group. At the same time Owen N.

Witte and David Baltimore at M.L.T. re-
ported that P120abl, the transforming
protein of a mouse leukemia retrovirus,
also adds phosphate to tyrosine. At first
the phosphorylation of tyrosine seemed
to be a unique property of the two onco-
genic proteins, but we soon learned that
all normal cells have small amounts of
phosphotyrosine in their protein, imply-
ing that normal cells too have tyrosine-
specific protein kinases. The first such
enzyme we identified in a normal cell
was none other than the product of the
proto-src gene.

The finding that p60src and its ana-
logue in normal cells have a similar en-
zymatic activity illustrates an important
principle: a protein encoded by a retro-
viral oncogene almost invariably has a
function similar to that of its cellular
counterpart, and it may therefore act
by mimicking the normal protein. The
fidelity with which p60src imitates its
normal counterpart should be a clue to

ONCOGENIC PROTEINS transform normal cells into tumor cells.

These fluorescence photomicrographs made by G. Steven Martin and
Celeste Carter of the University of California at Berkeley show the
effect on chick-embryo fibroblasts of the protein p60src, the product
of the src oncogene carried by the Rous sarcoma virus. Normal cells
(left) and cells transformed by src (right) were rendered permeable
and then treated with phalloidin, a mushroom toxin that binds to fila-
ments of the cell-skeleton protein actin (fop), and with an antibody
to the protein p36 (bottom); the phalloidin and the antibody were

labeled with different fluorescent dyes. Whereas bundles of actin fila-
ments crisscross the normal cells in regular arrays (fop left), in the
transformed cells (top right) the actin bundles have broken down, ac-
counting in part for the changes in shape that are characteristic of tu-
mor cells, and the actin is redistributed into small aggregates. The
protein p60src is a protein kinase: an enzyme that adds a phosphate
group to other proteins. One of its targets is p36. The p36 is here
shown to be localized in a sheet just under the plasma membrane in
both normal cells (bottom left) and transformed cells (bottom right).
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whether it is essentially an unaltered cel-
lular protein (present, perhaps, in inor-
dinately large amounts) or is significant-
ly changed and acts differently. I shall
return to this question below.

A cancer cell differs in many ways
from a normal cell of the same type.
How might the addition of phosphate
to tyrosine in a cell’s proteins cause

the varied effects of transformation? In
principle p60src could link phosphate to
a number of substrate, or target, pro-
teins, altering the function of each one.
The multifaceted nature of the malig-
nant state might then be due to the
presence of a substrate protein in each
of several cellular pathways. What role
might be played by the phosphorylation
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PROTEIN KINASES transfer the third phosphate (colored box) of the cellular energy carrier
adenosine triphosphate (ATP) to a protein and thus alter the protein’s activity. Most protein
kinases phosphorylate proteins on one of two amino acids, serine or threonine, having a hy-
droxyl (OH) group on their side chain (gray boxes). The enzymes encoded by oncogenes such
as src were found instead to add phosphate to tyrosine, the third amino acid carrying a hydrox-
yl group. The illustration shows the reaction catalyzed by a protein kinase: ATP plus one of
the three amino acids yields a phosphorylated amino acid plus adenosine diphosphate (ADP).
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of tyrosine in particular? As will become
clear below, there are reasons to think
tyrosine phosphorylation may be inti-
mately involved in complex regulato-
ry systems that maintain cellular shape
and control the growth of cells. Subtle
alterations in those systems could give
rise to the cancerous state. So far, how-
ever, it is not clear why the phosphoryla-
tion of serine or threonine could not
have similar effects.

The Protein-Kinase Domain

The protein products of the known
oncogenes have all been tested for tyro-
sine-specific protein-kinase activity. Six
of them, in addition to p60src, were
shown to have this enzymatic property
(the products of the yes, fer, abl, fps, fes
and ros oncogenes), whereas the others
did not display any detectable tyrosine-
specific protein-kinase activity. Molec-
ular-cloning techniques have made it
possible to determine the nucleotide se-
quence of almost every viral oncogene
and, by applying the genetic code, to
predict the amino acid sequence of its
protein product. A comparison of these
sequences reveals interesting similari-
ties. A stretch of some 250 amino ac-
ids near one end of p60src is known to
be the protein-kinase domain responsi-
ble for catalyzing the transfer of phos-
phates. A recognizably similar domain
of about the same length is found in
each of the other six oncogenic proteins
shown to have tyrosine-specific protein-
kinase activity.

The striking similarity of the catalyt-
ic domains in the various enzymes sug-
gests they may have had a common evo-
lutionary progenitor. Evidence that the
domains are part of a still larger family
came from a broad computer search for
homologies between the amino acid se-
quence of p60src and the sequence of
all other proteins on file. The search
showed that the only serine-specific pro-
tein kinase whose sequence is known
(cyclic-AMP-dependent protein kinase)
is related to p60src. In other words, not
only is there a family of tyrosine protein
kinases but also there may be a super-
family, comprising all protein kinases,
encoded by genes descended from a sin-
gle antecedent gene.

When the sequence of oncogene prod-
ucts other than the seven with clear-cut
protein-kinase activity is examined, five
of them prove to have sequences related
to that of the tyrosine protein-kinase
domain. The meaning of this Kinship is
not yet fully understood, but we surmise
that these proteins (the products of the
erb-B, fins, raf, mil and mos oncogenes)
have functions similar in some sense to
protein kinases. Already there is experi-
mental evidence that the erb-B protein
may be able to phosphorylate proteins
on tyrosine.

As I mentioned above, phosphoryla-
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PROTEIN ENCODED BY src ONCOGENE is a protein kinase com-
posed of 526 amino acid subunits, designated p60src for its molecular
mass of 60,000 daltons. The drawing shows how its main chain (col-
ored line) is anchored at the amino (NHj3) end in a cell’s plasma
membrane and how the globular enzymatic domain might bring the
third phosphate (P) of ATP into place for transfer to a tyrosine on
a substrate protein. The positively charged lysine at position 295 is

tion on tyrosine is a rare event in nor-
mal cells. Phosphotyrosine accounts for
only one in 2,000 of the phosphate mol-
ecules linked to proteins. (Some 90 per-
cent of the phosphate is coupled to se-
rine and 10 percent to threonine.) In
cells transformed by the viruses carry-
ing oncogenes whose products have ty-
rosine protein-kinase activity there is a
dramatic tenfold increase in the phos-
photyrosine level—compelling evidence
that the function the oncogene proteins
display in the test tube is also manifested
in the living cell. On the seemingly jus-
tifiable assumption that phosphoryla-
tion of cellular proteins on tyrosine is
part of the mechanism whereby the vi-
ruses transform cells, a paramount re-
quirement for understanding the mech-
anism is identification of the proteins
that are targets for the protein kinases.

Target Proteins

What proteins in cells infected by the
relevant retroviruses contain phospho-
tyrosine? Jonathan A. Cooper, Sefton
and I have searched for such proteins in
two ways. First we looked at proteins
with a specific function whose alteration
might explain some property of malig-

nant cells. For example, the shape of a
cell transformed by a tumor virus is very
different from that of its uninfected par-
ent cell. This suggests that the cytoskel-
eton, or internal framework, of the cell
has been altered. A number of cytoskel-
etal proteins have been purified in the
past decade. Might one of them be a
substrate for the transforming tyrosine
protein kinase? With S. Jonathan Singer
of the University of California at San
Diego we isolated 10 cytoskeletal pro-
teins from RSV-transformed cells. Only
the protein vinculin could be shown to
contain any phosphotyrosine. Vinculin
contains some phosphotyrosine in nor-
mal cells too, but the amount of phos-
phorylation is increased twentyfold in
transformed cells.

Vinculin is localized in adhesion
plaques: small patches on the bottom of
a cell that adhere closely to the surface
on which it grows. Bundles of cytoskele-
tal filaments composed of the protein
actin crisscross the cell and terminate
at adhesion plaques. Vinculin is seen to
be interposed between the cell’s plas-
ma membrane and the ends of the actin
bundles; it may connect the bundles to a
hypothetical anchor protein in the mem-
brane. Larry R. Rohrschneider of the
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thought to be attracted to the negatively charged third phosphate. The
named amino acids appear to be highly conserved, that is, they are
essentially the same in analogous domains of p60src and six other
oncogene-encoded protein kinases. There is one major difference be-
tween p60src and its normal counterpart: the amino acid sequence
from position 515 to the carboxyl (COOH) end of the chain replaces
a different sequence of 19 amino acids seen in the normal protein.

Fred Hutchinson Cancer Research Cen-
ter in Seattle found that p60src is local-
ized in adhesion plaques, in position to
phosphorylate vinculin. The greatly in-
creased phosphorylation of tyrosines in
the vinculin of transformed cells might
reduce its tenacity as a linker and lead
to the release of the actin filaments,
which are indeed radically disorganized
in such cells. Some recent findings by
Rohrschneider suggest, however, that
vinculin phosphorylation alone may not
be enough to cause such disruption.
Phosphorylation of other proteins in the
adhesion plaque may also be necessary.

Another characteristic of tumor cells
is their tendency to secrete a large
amount of lactic acid as a result of the
increased breakdown of glucose by gly-
colysis, an anaerobic pathway with 11
sequential enzymatic steps. The activi-
ty of several of the glycolytic enzymes
is increased in RSV-transformed cells,
suggesting that the enzymes might be
phosphorylated by p60src. Collaborat-
ing with Robert J. Schwartz and Na-
chum A. Reiss of Baylor University,
Cooper and I isolated eight of the glyco-
lytic enzymes from transformed cells.
Three of them did contain phosphotyro-
sine: enolase, phosphoglycerate mutase
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and lactate dehydrogenase. Only a small
fraction of the enzyme molecules, how-
ever, had a phosphorylated tyrosine.
Moreover, none of these enzymes is
rate-limiting for glycolysis; the key con-
trolling enzyme, phosphofructokinase,
does not appear to be phosphorylated
on tyrosine. We therefore think tyrosine
phosphorylation of the three enzymes
may have little to do with the overall

increase in glycolysis but rather reflects
a breakdown in the specificity of phos-
phorylation resulting from an over-
abundance of p60src in the cell. Some
more general cause than phosphoryla-
tion by p60src may explain the increase
in glycolysis not only in RSV-trans-
formed cells but also in other tumor
cells. Glycolysis may simply be driven
faster by an augmented supply of glu-

cose, which is taken up more rapidly by
tumor cells than by other cells.

Our second strategy for identifying
target proteins is unbiased by any pre-
conception of which proteins “ought”
to be phosphorylated in tumor cells.
We grow both normal cells and virally
transformed cells in the presence of
phosphate incorporating a radioactive
isotope of phosphorus and spread out

[ src | peosre CLASS 1
| a9 | yes | Poogag-yes
[ gag | actin | fgr | P72gag-actin-fgr
[ g9 | abl | P160gag-ab
| g9 | fps | P130gag-fps
[ gag | fes | P8sgag-fes
[ gag | ros | P62gag-ros
- N | erb-B — "] gp7zerb-B - _CLA_SST—
[ 5% l = — i T— RELATED
[ gag | mil | P100gag-mil
[ gag | raf | P78gag-raf

STRUCTURES of two groups of viral oncogene products and of a
normal serine-specific protein kinase (bottom) are given by the bars,
whose length is proportionate to the number of amino acids in each
protein; the NH; end of each chain is at the left. The Class 1 prod-
ucts display clear tyrosine protein-kinase activity; the Class 1-relat-
ed products do not. Analysis of the amino acid sequence of the pro-

|:| CYCLIC AMP-DEPENDENT PROTEIN KINASE

teins (predicted from the nucleotide sequence of their DNA) shows
they have in common a 250-amino-acid region related to the protein-
kinase domain of p60src (color). In most cases part of the protein en-
coded by the viral gene gag (and in one case part of actin) is synthe-
sized with the oncogene protein as single product. Two proteins ex-
tending outside cell have identifiable transmembrane domain (black).
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D ASPARTIC ACID

E GLUTAMIC ACID

F PHENYLALANINE
G GLYCINE

H HISTIDINE

| ISOLEUCINE

K LYSINE

L LEUCINE
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P PROLINE

Q GLUTAMINE

R ARGININE

S SERINE

T THREONINE
V VALINE

W TRYPTOPHAN
Y TYROSINE

of the Drosophila genome and the cyclic-4MP-dependent protein kinase are arrayed to show
their similarity. The amino acids are represented by their one-letter codes (/efr). A stretch in
the middle of each sequence has been omitted; the number of subunits omitted is indicated.
Each dot represents a one-amino-acid gap introduced to attain the best alignment. The col-
ored bars indicate the degree of similarity at the most highly conserved positions. A green bar
means that the same amino acid appears at a given position in 14 or 15 of the 15 proteins;
a blue bar indicates 12 or 13 identities, an orange bar 10 or 11 and a red bar eight or nine.
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their proteins in a gel, exploiting a meth-
od developed by Patrick H. O’Farrell of
the University of California School of
Medicine in San Francisco. The tech-
nique separates the proteins in one di-
mension on the basis of their electric
charge and in a second dimension on the
basis of size. The 500 or so phosphopro-
teins in a cell are labeled by the incorpo-
ration of radioactive phosphate and can
be detected as spots by autoradiography
when an X-ray film is exposed to the gel.

To distinguish the few proteins that
are phosphorylated on tyrosine from the
plethora of other phosphoproteins we
take advantage of the fact that a strong
alkali tends to break the link between
phosphate and serine but not the one be-
tween phosphate and threonine or tyro-
sine. Soaking the gel in alkali before
autoradiography cleaves the labeled
phosphate from many of the proteins
containing phosphoserine, revealing a
pattern of a manageable number of al-
kali-stable phosphoproteins. Some of
them are present in higher amounts in
virally transformed cells. When these
proteins are cleaved to release their indi-
vidual amino acids, a few of them are
found to contain phosphotyrosine.

One phosphotyrosine-containing pro-
tein, so far known only as p36 (for its
molecular mass of 36,000 daltons), is
particularly prominent in gel analyses.
It was first detected in RSV-transformed
chick-embryo fibroblasts (connective-
tissue cells) by G. Steven Martin and
Kathryn Radke of the University of
California at Berkeley, and it seems to
be the major substrate for all the vi-
ral protein kinases. (As in the case of
all substrates phosphorylated on tyro-
sine, only one particular tyrosine of the
many in the protein is phosphorylated.)

p36 Function

The function of p36 in the cell re-
mains a mystery, however; unfortunate-
ly one cannot assign a function to a pro-
tein on the basis of its size and charge
alone. What is known is that p36 is asso-
ciated with the inner face of the plasma
membrane of many types of cultured
cells, but it is not in all cell types in the
body. Kathleen L. Gould and I have
found, for example, that it is abundant
in the intestine but essentially absent
from brain tissue.

The distribution of p36 in intestinal
cells may provide a clue to its function.
The protein is concentrated in the co-
lumnar epithelial cells covering the sur-
face of the villi, the fingerlike projec-
tions arrayed on the folded lining of the
gut. The tip of a columnar cell is cov-
ered with a “brush border” of microvilli,
each of which has a core bundle of actin
filaments. The base of each bundle is
anchored to a transverse filamentous
structure called the terminal web; p36
is found predominantly in the terminal
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ADHESION PLAQUES anchor cells to surfaces and serve as internal anchors for bundles of
actin filaments (top). The protein vinculin is localized in adhesion plaques, where it may link
actin bundles to an anchor protein (bottom). In cells transformed by the Rous sarcoma virus,
p60src (color) is also detected primarily in adhesion plaques and the vinculin is found to be
phosphorylated on tyrosine. Phosphorylation by p60src may disrupt the vinculin link (/eft)
and so contribute to the characteristic disorganization of actin bundles in transformed cells.

web, suggesting the protein may have a
structural function. In other cell types
it could have a similar role in skeletal
structures just inside the plasma mem-
brane. The membranes of RSV-trans-
formed cells commonly have a more
ruffled appearance than those of normal
cells and are altered in other ways. The
phosphorylation of p36 could be re-
sponsible for such changes.

The total amount of phosphotyrosine
in an RSV-transformed cell is larger
than the sum of the amounts present in
the identified target proteins, indicating
that yet other substrates for p60src re-
main to be discovered. Even at this
stage, however, one can ask two perti-
nent questions. First, which of the target
proteins is phosphorylated on tyrosine
in cells transformed by oncogenes other
than src? Target proteins common to
many transforming protein kinases may
be the most important ones for transfor-
mation. Second, which of the targets
identified in transformed cells is phos-
phorylated on tyrosine in normal cells?
This knowledge might indicate whether
or not the viral tyrosine-specific protein
kinases have their effect because they
phosphorylate inappropriate substrates.

When we compare cells transformed
by viruses carrying the src, yes, fgr, abl,
fps and fes oncogenes, we find that by
and large the same spectrum of proteins
is phosphorylated in all of them, includ-
ing vinculin, p36 and the three glycolyt-
ic enzymes. That is not very surprising
considering the probable common an-
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cestry of the catalytic domain in all six
protein Kinases, but it does reinforce the
idea that the viruses in this group trans-
form cells by a common mechanism
involving phosphorylation on tyrosine.
Nevertheless, it remains possible that
the transforming proteins of these virus-
es may have some other capacity as crit-
ical for transformation as protein phos-
phorylation. Erikson, Lewis C. Cantley,
Jr,, and their colleagues at Harvard Uni-
versity have recently found that p60src
can phosphorylate the lipid phosphati-
dylinositol, a major component of the
plasma membrane. The phosphoryla-
tion is thought to accelerate the break-
down of phosphatidylinositol to di-
acylglycerol, which is known in turn
to activate a serine-specific protein
kinase. This might be another way p60-
src can alter cells.

With the exception of vinculin, the
proteins phosphorylated on tyrosine in
RSV-transformed cells are not detect-
ably phosphorylated on tyrosine in nor-
mal cells. This suggests that p60src may
generally choose inappropriate proteins
as substrates because of either the large
amount of p60src in an infected cell or a
structural difference between p60src and
its normal counterpart. There is indeed
a significant difference at the carboxyl,
or COOH, end of the two proteins. Ex-
periments are under way to test wheth-
er the difference accounts for p60src’s
transforming capacity. Preliminary re-
sults suggest it does. The viral tyrosine-
specific protein kinases other than p60-
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src are all even more radically altered
with respect to their cellular counter-
parts. At least for this major group of
viral oncogenes, then, it seems likely
that aberration in protein structure is of
oncogenic significance.

Growth Factors

Perhaps the most striking property of
tumor cells is their incessant prolifer-
ation. They somehow evade a number
of control systems that keep normal
cells from dividing too often or continu-
ing to divide indefinitely. Some control

CAPILLARY GEL

NORMAL CELLS

systems are mediated by extracellular
growth factors and inhibitors that circu-
late in the blood. Several protein growth
factors have been isolated and charac-
terized in the past few years. Two of
the most intensively studied ones are
epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF),
which deliver their signal by binding to
specific protein receptor molecules em-
bedded in the cell’s plasma membrane.
When either growth factor is added to a
culture of nondividing cells, the cells are
stimulated to divide a single time.
When the receptor protein for EGF

was identified and purified by Stan-
ley Cohen of the Vanderbilt University
School of Medicine and his colleagues,
it was found to be associated with pro-
tein-kinase activity; intriguingly, the ac-
tivity is tyrosine-specific and is stimu-
lated when an EGF molecule binds to
the receptor. Recently both the binding
of EGF and the phosphorylation of cel-
lular proteins on tyrosine have been
shown to be activities of this single re-
ceptor molecule. It is a protein that
spans the membrane; the part of the
molecule outside the cell recognizes
EGF and a catalytic domain inside the
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TWO-DIMENSIONAL GEL ANALYSIS identifies proteins phos-
phorylated on tyrosine in transformed cells. Normal cells and trans-
formed cells are grown with phosphate incorporating a radioactive
isotope of phosphorus (). Their radioactively labeled proteins are
separated according to charge in a capillary gel placed in an electric
field (2). The gel is then soaked in a negatively charged detergent,
which is bound by the proteins (gray bands) in proportion to their
mass. When the capillary gel is laid along an edge of a slab gel in an
electric field, the proteins migrate toward the positive pole at a rate

inversely proportional to their mass (3). To enrich the gel for proteins
containing phosphotyrosine, the gel is soaked in alkali, which cleaves
the label from many proteins containing phosphoserine; the pres-
ence of unique phosphoproteins in the transformed cells is revealed
(4). X-ray films (bottom) exposed to the alkali-treated gel show spots
representing alkali-resistant phosphoproteins from normal cells (/ef?)
and RSV-transformed cells (right). Some of these proteins are shown
to be phosphorylated on tyrosine; of these certain ones, including the
ones labeled in the illustration, appear only in the transformed cells.
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cell accomplishes phosphorylation. The
binding of EGF must transmit a signal
across the membrane that increases the
protein-kinase activity of the catalytic
domain. The PDGF receptor has now
been shown to have a similar enzymatic
function, which may indeed be a general
property of growth-factor receptors.
Cooper and I have observed that
when EGF or PDGF is added to cells
bearing the relevant receptors, there is
an increase in the phosphotyrosine level
in cellular proteins. This means the sig-
nal to divide could be transmitted from
the occupied receptor to the interior of
the cell by the phosphorylation, on tyro-
sine, of a target protein or proteins in-
side the cell. The fact that an increase in
tyrosine phosphorylation is a character-
istic held in common by normal cells
exposed to growth factors and by cer-
tain virally transformed cells is highly
suggestive. Perhaps the protein kinases
encoded by many oncogenes can usurp
some cellular growth-control pathway
through phosphorylation of a target
protein normally recognized by a recep-
tor’s protein kinase and thereby drive
infected cells to unabated growth.

The erb-B and sis Oncogenes

Is the functional analogy between the
growth-factor receptors and viral pro-
tein kinases reflected in a structural
homology? A group headed by Michael
D. Waterfield of the Imperial Cancer
Research Fund in London, Joseph
Schlessinger of the Weizmann Institute
of Science and Axel Ullrich of Genen-
tech, Inc., hasrecently found that part of
the EGF receptor is closely related in
amino acid sequence to the product of
the erb-B oncogene. In fact, the erb-B
protein looks just like a truncated form
of the EGF receptor: it lacks the recep-
tor’s EGF-binding region but retains the
transmembrane segment and the cata-
lytic domain that extends inside the cell.

Perhaps the erb-B protein, which is
reported to be associated with cellular
membranes, mimics the action of the
EGEF receptor but does so in an unregu-
lated way. The fact that phosphorylat-
ing activity has not yet been shown to be
associated with the erb-B protein seems
to argue against such a possibility, but
intense efforts now under way may yet
reveal that the oncogene product is in-
deed a protein kinase.

The connection between growth con-
trol and viral transformation makes it
important to identify the proteins phos-
phorylated by the tyrosine protein Kki-
nases of growth-factor receptors. Coo-
per and I, collaborating with Russell
Ross and his colleagues at the Universi-
ty of Washington School of Medicine in
Seattle, have identified a phosphotyro-
sine-containing protein with a molecu-
lar mass of 42,000 daltons in cells treated
with EGF or PDGF. The protein (p42)

INTESTINAL LUMEN

MICRO ACTIN
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COLUMNAR EPITHELIAL CELLS cover the lining of the intestine. The phosphotyrosine-
containing protein p36 (color) is concentrated in the terminal web, where the actin bundles of
the microvilli are anchored. The localization of p36 in the terminal web is documented by the
juxtaposition of two photomicrographs of the same isolated rat epithelial cell: an optical (No-
marski) image and a fluorescence micrograph showing where labeled antibodies bind to p36.
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PROTEIN-
KINASE ~~
DOMAIN

SUBSTRATE
PROTEIN

CYTOPLASM

RECEPTOR for epidermal growth factor (EGF) has an extracellular domain that binds EGF
and a tyrosine-specific protein-kinase domain inside the cell (/eft). The binding of an EGF
molecule presumably changes the receptor’s conformation so that the intracellular domain
catalyzes the phosphorylation of a cellular substrate protein (right). Protein kinases encoded
by some oncogenes may mimic the receptor’s enzymatic activity without an appropriate sig-
nal from EGF and thus drive a cell to the uncontrolled growth characteristic of tumor cells.
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“You asked for
encore.

Brian Stains is the Symphony
Program Manager at Lotus
Development Corporation.
He was previously involved
with the creation of 1-2-3
software and is one of
the original members
of the company.
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Wegaveyou
a Symphony.

“It took a dedicated “The result is new
team to create what the — Symphony™ software.
business community term- “We believe Symphony is
ed ‘an overnight success’ the most comprehensive, all-in-
But that’s just what 1-2-3™ one software system ever devel-
software became. ’ oped. It combines word
“When people discov- processing, spreadsheet, com-
ered the incredible speed munications, database, graphics,
and power of 1-2-3, they and a powerful command lan-
made it the number one PC guage. And like 1-2-3, Symphony
business software in the world. is an ideal program even for first
“Naturally this success gave us E time users.
confidence, but it didn’t make us compla- ™ “You asked for an encore, we
cent. So even as the applause for 1-2-3 con- gave you Symphony.”
tinued, we were working to give the To find out more about 1-2-3
business community an encore. and new Symphony software—and
“We realized 1-2-3 was an which is best for you—visit your
analytical tool that solved many .« nearby computer dealer.

people’s business needs. Butwe -
PLotus

also talked to people with dif- J
ferent requirements. -~ A
; Onegreatidea
afteranother.”

r

“We listened and we
learned.

Symphony, 1-2-3 and Lotus are trademarks of Lotus Development Corp.
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SITE OF ACTION is known in the case of a number of oncogene products. The sites were
determined by staining with fluorescently labeled antibodies to the various proteins or by frac-
tionating cells in a centrifuge and then identifying the proteins found in particular fractions.

seems to be the major substrate for the
receptor protein kinases; its phosphoryl-
ation may be the first step in the path-
way delivering to a normal cell the sig-
nal to divide. Might such a step be mim-
icked in some virally transformed cells?
Phosphorylated p42 has indeed been
detected in some types of cells trans-
formed by oncogenes encoding a pro-
tein kinase, but not in all such cells.
Whether or not the enzymes intervene
at this step in a cellular growth-control
pathway remains an open question.
Still another interesting link between
the protein kinases of viral oncogenes
and those of growth-factor receptors
has recently been reported by Russell F.
Doolittle of the University of California
at San Diego and by Waterfield and his
colleagues. They observed independent-
ly that the protein encoded by the sis
oncogene of simian sarcoma virus is al-
most identical with PDGF itself. Appar-
ently the proto-sis gene is none other
than the gene for PDGF. The strong im-
plication is that a cell infected by sim-
ian sarcoma virus proliferates because
it synthesizes and secretes a PDGF-like
growth factor. The autogenous growth
factor presumably mimics the legiti-
mate one, interacting with the cell’s
PDGF receptors and thereby stimulat-
ing tyrosine phosphorylation. Whereas
the real PDGF delivers its signal only on
appropriate occasions, however, the sis-
encoded protein may do so continually.
In support of this notion Stuart A. Aar-
onson of the National Cancer Institute
and Thomas F. Deuel of the Washing-
ton University School of Medicine and
their colleagues have independently re-
ported evidence that cells infected by
simian sarcoma virus secrete a PDGF-
like growth factor that may be responsi-
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ble for their unregulated growth. One
would expect to find an increase in tyro-
sine phosphorylation in such cells, but
so far this has not been detected.

The ras Product

Much less is known about the remain-
ing transforming proteins than about
the protein-kinase groups I have been
discussing, but there are a number of
interesting findings,on the products of
the ras and myc oncogenes. The ras pro-
teins are important because they have
been implicated as one of the causes of
some human cancers. Edward M. Scol-
nick and his colleagues, then working at
the National Cancer Institute, identified
the product of the Harvey sarcoma vi-
rus ras oncogene: a protein with a mo-
lecular mass of 21,000 daltons. When
Thomas Y. Shih and Scolnick tested
p21lras for protein-kinase activity, they
found it could catalyze its own phospho-
rylation (on threonine rather than tyro-
sine) but could not phosphorylate oth-
er proteins. Moreover, the “autokinase”
reaction did not depend on ATP as the
phosphate donor but instead took its
phosphate from arelated molecule, gua-
nosine triphosphate (GTP).

It turns out that the p21ras proteins
encoded by the viral ras oncogenes are
atypical: neither the normal cellular
p21ras nor the proteins encoded by hu-
man ras oncogenes display autokinase
activity. Like the viral p21ras, however,
they do bind GTP tightly, forming a sta-
ble complex. The binding of GTP by
p21lrasisintriguing. The proteinislocal-
ized (like p60src and several other onco-
gene-encoded protein kinases) on the
inner face of the plasma membrane. A
number of GTP-binding proteins are
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known to be in the same location in nor-
mal cells; on binding GTP they function
as “coupling factors” in systems relay-
ing signals from hormones such as ad-
renalin to the interior of the cell. Now
Scolnick and his colleagues have found
that p21ras, like coupling factors, can
break down GTP to guanosine diphos-
phate and phosphate. This GTP-ase
function is reduced fivefold in the case
of the oncogenic p2lras, implying that
the altered protein may remain active
longer. It is tempting to speculate that
the normal p21ras has a coupling-factor
function and that the mutant oncogenic
versions may transmit a continuous sig-
nal rather than a regulated one.

Nuclear Proteins

None of the oncogenic proteins dis-
cussed so far functions in the cell nucle-
us. Considering the number of altera-
tions in tumor cells that require changes
in the expression of genes, one might
have thought most transforming pro-
teins would be found in the nucleus,
where they could exert their effects di-
rectly on the genetic material and on
its expression. Presumably some of the
membrane-associated and cytoplasmic
proteins affect nuclear events indirect-
ly, perhaps by interfering in pathways
through which the cell normally re-
sponds to external stimuli. There is,
however, a small group of nuclear trans-
forming proteins. It includes the prod-
ucts of the myc, myb and fos oncogenes.

A number of human cancers show ev-
idence for abnormal expression of the
myc gene as a result of amplification
or of inappropriate regulation. Some
tumor cells have multiple copies of the
gene (which is apparently the proto-on-
cogene rather than a mutant version) in-
stead of the normal cell’s complement
of two; these tumor cells make abnor-
mally large amounts of myc’s protein
product. (Gene amplification seems to
be quite common in tumor cells. In one
human tumor cell line the proto-ras
gene is amplified thirtyfold, and another
line carries multiple copies of the proto-
abl gene.)

A different abnormality is found in
the lymph-gland cancer called Burkitt’s
lymphoma. In many cases the trans-
formed cells, which are a type of Blym-
phocyte, carry a chromosomal translo-
cation: a segment of DNA near the tip
of one chromosome is transposed and
fused to the end of another chromo-
some, with the result that the myc gene
ends up close to part of a gene encoding
an antibody molecule. Antibody genes
are extremely active in B lymphocytes.
As a result of the translocation the ex-
pression of the myc gene is increased
because it is treated by regulatory ele-
ments in the chromosome as if it were an
antibody gene.

Not much is known about the protein



encoded by the proto-myc gene. It is
presumably similar to the product of
the viral myc oncogene, which binds to
DNA and is found in the nuclear matrix,
a skeletal structure thought to have a
role in the replication of DNA. Per-
haps, then, myc proteins somehow make
DNA replication a continuous process
in affected cells. In keeping with this
idea Philip Leder, Charles D. Stiles and
their colleagues at the Harvard Med-
ical School have recently shown that
the proto-myc gene product appears in
growing cells shortly before they start
duplicating their DNA. The presence in
a cell of a large amount of the proto-myc
protein may cause cells to become im-
mortal and replicate indefinitely, in con-
trast to normal cells, which have a finite
capacity for dividing.

Immortalization alone would not nec-
essarily convert a normal cell into a tu-

mor cell. The activation of a second on-
cogene—an event that would not itself
immortalize the cell—might be needed
to give rise to the many other aspects of
the cancerousstate. Weinberg’s group at
M.I.T. and H. Earl Ruley of the Cold
Spring Harbor Laboratory have shown
that cells cultured after being taken
directly from animals, unlike “estab-
lished” cells that have been maintained
for a long time in a culture medium, are
not transformed by the introduction of
a single oncogene. Certain pairs of on-
cogenes—myc and ras, for example—
can, however, apparently cooperate to
transform such cells. Epidemiological
evidence and studies of tumor cells have
made it clear that carcinogenesis is a
multistep process, and now there is con-
firmation of that multistep nature at
the molecular level.

Cancer research is at an exciting

stage. Genes that can cause cancer have
been identified and one begins to under-
stand what the products of those genes
do to transform cells to the malignant
state. The products of the proto-onco-
genes from which oncogenes are derived
seem to have roles that must be crucial
in the control of cell growth and dif-
ferentiation and in embryonic develop-
ment. Transforming proteins may have
their profound effects on cells because
they perturb these fundamental cellu-
lar processes. Even though the protein
product of an oncogene and that of its
proto-oncogene are in many cases essen-
tially similar, the normal and abnormal
proteins are nonetheless often distin-
guishable. This opens up the possibility
that rational approaches to cancer ther-
apy will one day be developed based on
a detailed knowledge of the structure
and function of oncogenic proteins.

NAME OF ONCOGENIC PROTEIN
ONCOGENE RETROVIRUS | TUMOR CELLULAR LOCATION FUNCTION CLASS
src CHICKEN SARCOMA — PLASMA MEMBRANE
yes CHICKEN SARCOMA = PLASMA MEMBRANE (?)
fgr | cAT sSARCOMA f = )
| CLASS 1
| abl MOUSE LEUKEMIA | HUMAN LEUKEMIA | PLASMA MEMBRANE TYROSINE-SPECIFIC (CYTOPLASMIC
_ CYTOPLASM PROTEIN KINASE TYROSINE
fps CHICKEN SARCOMA | (PLASMA MEMBRANE?) PROTEIN KINASES)
fes — CYTOPLASM
CAT SARCOMA | (CYTOSKELETON?)
| ros CHICKEN SARCOMA | — 2 '
— PLASMA AND | EGF RECEPTOR'S CYTOPLAS -
erb-B CHICKEN LEUKEMIA CYTOPLASMIC MIC TYROSINE-SPECIFIC
MEMBRANES PROTEIN-KINASE DOMAIN
PLASMA AND CYTOPLASMIC DOMAIN OF CLASS 1-RELATED
fms CAT SARCOMA - CYTOPLASMIC A GROWTH-FACTOR (POTENTIAL
| MEMBRANES | RECEPTOR (?) PROTEIN
mil CHICKEN CARCINOMA | — CYTOPLASM ?) KINASES)
1 1 1
raf MOUSE SARCOMA | = CYTOPLASM ?)
mos MOUSE SARCOMA __i»MOUSE LEUKEMIA | CYTOPLASM i | -
si PDGF-LIKE CLASS?2
sis MONKEY SARCOMA — SECRETED | GROWTH FACTOR (GROWTH FACTORS)_
' | HUMAN CARCINOMA, | PLASMA MEMBRANE |
Haras | RAT SARCOMA RAT CARCINOMA
] HUMAN CARCINOMA, CLASS 3
Ki-ras RAT SARCOMA LEUKEMIA AND PLASMA MEMBRANE GTP-BINDING (CYTOPLASMIC,
SARCOMA GTP-BINDING)
HUMAN LEUKEMIA
N-ras = AN T PLASMA MEMBRANE
fos MOUSE SARCOMA = NUCLEUS (?)
myc CHICKEN LEUKEMIA | HUMAN LYMPHOMA | NUCLEUS DNA-BINDING
[ myb CHICKEN LEUKEMIA | HUMAN LEUKEMIA | NUCLEUS ?) CLASS 4
[ (NUCLEAR)
! CHICKEN LYMPHOMA,
i - HUMAN LYMPHOMA | NUCLEUS (?) @)
ski CHICKEN SARCOMA - NUCLEUS (?) ?) ]
rel TURKEY LEUKEMIA — ) ) :
erb-A CHICKEN LEUKEMIA — ?) _ ?) | UNCLASSIFIED
ets CHICKEN LEUKEMIA = @) 1 (?) |

PROTEIN PRODUCTS of known oncogenes are characterized and
classified according to function. The second column names the ani-
mal from which each viral oncogene was first isolated (now usually
the normal host) and the cancer it induces. Some oncogenes given dif-
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ferent names (such as fps and fes) may in fact be equivalent genes in
birds and mammals. The third column lists human and other animal
tumors not caused by viruses in which an oncogene (ras) or an ampli-
fied or inappropriately expressed proto-oncogene has been identified.
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The Great Temple of Tenochtitlan

This place of worship for the Aztecs was described and destroyed

by the Spanish. Accidental encounters with its lost remains have

led to their large-scale excavation in the heart of Mexico City

n the night of February 21, 1978,
workers of the Mexico City elec-
tric-power company were dig-

ging at the corner of Guatemala and Ar-
gentina streets in the heart of the city.
At a depth of two meters below the
street level they encountered hard stone
that blocked further excavation. On re-
moving the dirt that covered the stone
and seeing carved reliefs, they suspend-
ed work for the day.

A call to the Office of Salvage Archae-
ology of the National Institute of An-
thropology and History led to a team of
archaeologists’ being dispatched to the
site. They verified that the discovery was
a relief sculpture on which was visible a
face in profile with adornments on the
head. Rescue work continued until Feb-
ruary 27 under the archaeologists’ direc-
tion. It uncovered an enormous stone
disk, 3.25 meters in diameter. On the
upper surface of the disk was sculptured
the representation of a female deity:
nude, decapitated and with her arms and
legs separated from her torso. This was
without doubt Coyolxauhqui, sister of
the Aztec god Huitzilopochtli and her-
self a lunar deity, slain and dismem-
bered by her brother after a battle on
the hill of Coatepec.

The chance discovery renewed inter-
est in excavating the ancient Great Tem-
ple of the Mexicas: the people of the
Aztec city of Tenochtitlan. Parts of the
temple were already known. The south-
west corner was uncovered by Manuel
Gamio in 1913-14 and was excavated
further by Hugo Moedano and Elma
Estrada in 1948. A little earlier, in 1933,
Emilio Cuevas had discovered part of
the wall and a short section of the stairs
of the platform that supported the struc-
tures built in one of the last construc-
tion epochs of the Great Temple. The
monumental sculpture of Coyolxauh-
qui formed part of the temple itself,
and any attempt to excavate the temple
completely had to take into account the
modern urban surroundings of the site.
It was then that my colleagues and I at
the National Institute of Anthropology
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by Eduardo Matos Moctezuma

and History began to plan three phases
of investigation.

The first phase consisted of bringing
together all the available information,
both archaeological and historical. We
had the data from previous excava-
tions in the temple area, dating back to
1790, when the world-famous Calendar
Stone and the monumental sculpture of
Coatlicue were found. We also had the
16th-century narratives of Bernal Diaz
del Castillo and Hernidn Cortés, who
saw the Great Temple and described it,
and the later writings of Bernardino de
Sahagin, Diego Durén, Hernando Al-
varado Tezozomoc and others.

The written sources tell us that the
Great Temple was a large platform
of four or five stepped levels, facing
toward the west, with two stairways giv-
ing access to the top level. On the plat-
form were two structures: the sanctuar-
ies of Tlaloc (the god of water, rain and
fertility) and of Huitzilopochtli (the god
of war and of the sun). The prominence
of these two deities reflects the funda-
mental needs of the Mexicas: their econ-
omy was based on agricultural produc-
tion (hence the importance of water and
rain) and on tribute collected by con-
quest (hence the importance of war).
Thus we expected that all the elements
associated with the Great Temple, such
as offerings and sculptures, would in
some way be related to these two funda-
mental themes.

he second phase of the investigation

consisted of an effective plan of ex-
cavation, since we had to consider the
temple’s urban environment. It was nec-
essary to analyze the existing structures
in the areas to be excavated and to make
sure those of the Spanish colonial peri-
od would not be affected. It was decided
that the Advisory Council on Monu-
ments would examine each case to see
whether a particular building could be
demolished and the excavation contin-
ued. Of the 13 structures eventually re-
moved only two included any elements
from the colonial period. They were
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carefully photographed and their parts
were numbered for transfer to the na-
tional Bureau of Monuments.

We can now confirm that the last Me-
xica construction epoch of the Great
Temple had been razed to its founda-
tions by the Spanish. We found only
traces of the edifice on the stone-slab
pavement of the great plaza. On the
north side of the plaza only about a me-
ter of the platform wall remains. The
earlier construction epochs, however,
were better preserved: they were older,
smaller and had sunk farther below the
present street level.

This gave us another problem to con-
sider. Usually the water level in Mexi-
co City is four or five meters below the
street level. The earliest excavated ep-
och of the Great Temple was one we
designated Epoch II; it was found al-
most intact and dates from about A.D.
1390. We could excavate only the up-
permost parts of this building and the
remains of the two sanctuaries on top of
it. Lowering the water level to make it
possible to do further work would have
seriously threatened the stability of the
colonial and modern buildings around
the temple and of the temple itself. Per-
haps in time, when a method is devel-
oped to control the ground water, the
temple can be excavated in its entirety.

The work began with the establish-
ment of a two-meter grid, with each
square identified by letter and number.
The depth below street level was record-
ed in the same way, with measurements
of elevation from a fixed point. We fore-
saw the discovery of objects that would
require immediate preservative meas-
ures, and so we established a conser-
vation workshop whose staff members
would help the excavators immediately
when such perishable things as ceremo-
nial offerings or the remains of murals
were uncovered. We also depended on
the collaboration of such specialists as
biologists, chemists and geologists from
the Department of Prehistory of the
National Institute of Anthropology and
History, and on the help of a consulting



firm of engineers familiar with soil me-
chanics in order to avoid putting the
excavation pits too close to buildings
adjoining the site.

In what follows I shall place our ar-
chaeological findings against the back-
ground of historical accounts. For ex-

ample, we know from historical sources
that the Great Temple had on its top
level two structures, one dedicated to
Tlaloc and the other to Huitzilopochtli.

Sahagin writes of Tlaloc: “This god
called Tlaloc Tlamacazqui was the god
of rain. They said he gave them the

rains to irrigate the earth and that these
rains caused all the grasses, trees, fruits
and grains to grow. It was he who also
sent hail and thunder and lightning and
storms on the water and the dangers
of the rivers and sea. The name Tlaloc
Tlamacazqui means that he is the god

PARTIALLY CLEARED RUINS of the Great Temple of Tenoch-
titlan are seen in this photograph looking up Mexico City’s Argen-
tina Street, to the left, made in 1982. The fact that the summit of the
Great Temple pyramid bore two sanctuaries, that of Huitzilopochtli,
the god of war (to the right from the front of the temple), and that of
Tlaloc, the god of water (to the left), is known from historical sources.

The excavation has confirmed this fact archaeologically. In the fore-
ground at the front of the temple (/ef?) is a sculptured snake, in line
with the stairway to the sanctuary of the war god. Farther down the
front are two sculptured frogs (not clearly visible in photograph), in
line with the stairway to the sanctuary of the water god. Snakes were
often symbolic of Huitzilopochtli; frogs were symbolic of Tlaloc.
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who resides in the terrestrial paradise
and gives to men the subsistence neces-
sary for life.”

Sahagiin writes of Huitzilopochtli:
“The god called Huitzilopochtli was an-
other Hercules, exceedingly robust, of
great strength and very bellicose, a great

destroyer of towns and killer of people.
In warfare he was like living fire, greatly
feared by his enemies. ... While he lived
this man was highly esteemed for his
strength and prowess in war.”

Bernal Diaz describes what he saw:
“On each altar were two giant figures,

very tall and very fat. They said that the
one on the right was Huichilobos [sic],
their war-god.”

Diaz adds: “At the very top of the
[pyramid] there was another concavity,
the woodwork of which was very finely
carved, and here there was another im-

PAIR OF FROGS at the Great Temple flank an altar that stands
above the flagstones of the ceremonial precinct in front of the pyra-

mid. This monument in honor of Tlaloc was built in about A.n. 1469,
in the epoch of periodic temple construction designated Epoch IVb.

UNDULATING SNAKE was also sculptured in Epoch IVb. The
layer of rubble fill visible behind the sculpture marks a subsequent
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epoch of temple enlargement. The builders had reached Epoch VII
by the time the Spanish arrived and conquered the Aztec empire.



age, half man and half lizard.... They
said that the body of this creature con-
tained all the seeds in the world, and that
he was the god of seedtime and harvest.”

f the temple itself Sahagin writes:

“In the center and higher than the
[other temples of the city] the principal
[temple] was dedicated to the god Hui-
tzilopochtli, or Tlacauepan Cuexcotzin.
This [pyramid] was divided at the top
so that it looked like two; it had two
[sanctuaries] or altars, each of which
was topped by a [tall roof], which bore
distinct insignia or devices. In one of
those [sanctuaries], the principal one,
stood the statue of Huitzilopochtli...
also called Ilhuicatl Xoxouhqui; in the
other was the image of the god Tla-
loc. In front of each one of these statues
was a round stone like an executioner’s
block, called techcatl, where they killed
all those whom they sacrificed in hon-
or of that god. From the block to the
ground there was a pool of blood from
those who were killed on it, and this was
true of all the [temples]. They all faced
west and had very narrow and steep
steps leading to the top.”

Discussing sacrifices in honor of Xipe
Totec, Sahagin adds: “Having brought
them to the sacrificial stone, which was
a stone three hands in height or a little
more, and two in width, or almost, they
threw them on it on their backs.”

It is interesting that we found a sacrifi-
cial stone, the obvious symbol of Me-
xica power and where captives of war
were sacrificed, in front of the sanctuary
of Huitzilopochtli. It is a slab of black
volcanic rock, and its dimensions con-
form with those given by Sahagin. The
stone, which was found in situ embed-
ded in the floor near the stairs (two me-
ters away), measured 50 centimeters by
45 (20 inches by 18).

On the Tlaloc side of the top level we
found a polychromed statue, known as a
chacmool, also in situ and in the same
position as the sacrificial stone in rela-
tion to the sanctuary of Huitzilopoch-
tli. The find confirms the historical inter-
pretation of the role of the chacmool: it
is an intermediary between the priest
and the god, a divine messenger. Both
elements—the sacrificial stone and the
chacmool—in front of the sanctuaries
can be considered as dual symbols, the
first symbol related to war and the sec-
ond to a more ‘“religious” idea: the di-
vine messenger.

We discovered that two large stone
piers framed the entrance of the sanctu-
ary of Tlaloc. The surfaces of the piers
that faced outward were painted with a
row of black and white circles represent-
ing the eyes of Tlaloc; just below the
circles were three horizontal bands, one
blue and two red. The lower halves of
the piers were decorated with alternat-
ing vertical bands of black and white.

On the inner surface of each pier is a
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painting of a standing personage; the
body is yellow and is adorned with
wristlets and anklets of blue and black.
The left hand extends forward and holds
a baton or spear. The interior of the
sanctuary appears to have been divided
into two parts. A platform stood against
the back wall, evidently to support an
image of the deity that once occupied
the sanctuary. A small altar rises above
the middle of the platform in the sanctu-
ary of Huitzilopochtli. It is aligned with
the sacrificial stone outside. Apparently
the altar itself once supported an image
of the god.

We found pieces of wood embedded
in the piers of both sanctuaries. They
must be the remains of decorated pan-
els. Richly carved wood panels were
seen in Aztec sanctuaries by both Bernal
Diaz and Cortés.

1l theseremains were part of the early
construction of the Great Temple
designated Epoch II. This epoch proba-
bly dates to the period before A.D. 1428,
the year the Mexicas of Tenochtitlan be-
gan their war of liberation from their
overlords of neighboring Azcapotzalco.
Diverse kinds of information lead us to
this conclusion, among them the modest
size of the edifice and the fact that
Epoch II is the earliest yet excavated.
Further, on the top step of the Huitzilo-
pochtli side, in line with the sacrificial
stone, is carved a face with two glyphs
above it. One of them gives the date
“2 Rabbit”; the other is.unreadable. “2
Rabbit” can be interpreted as represent-
ing the year A.D. 1390.

As many as 10 more epochs of con-
struction, each epoch enlarging the tem-
ple, were built over this early structure.
Only five of them were enlargements of
the entire pyramid, that is, expansions
on all four sides. The other five only
enlarged the temple’s main facade. It is
clear that the fill covering the Epoch II
temple was far greater in volume than
the fill covering any of the subsequent
facades. This leads to the conclusion
that once the Mexicas were liberated
from the yoke of Azcapotzalco they
wanted to build a larger temple and had
the means to do so, including forced la-
bor to transport volcanic rock and dirt
to the site for fill and to supply other
building materials.

CHACMOOL STATUE, a reclining figure, was found in situ in front of the sanctuary of Tla-
loc. The statue had been emplaced in Epoch II. Much of its polychromed surface has survived.

I shall now briefly describe the subse-
quent construction epochs of the Great
Temple and also discuss the other struc-
tures found near the temple during the
excavations. To begin with Epoch III,
the stairways of this epoch are well
made and the walls of the different
levels of the pyramid stand vertically.
Eight sculptures representing standard-
bearers were found on the stairway of
the Huitzilopochtli side. These figures
must once have adorned the Epoch III
temple, but when the next construction
epoch began, they were collected and
placed on the stairway where they were
found. On the back wall of the platform
of the Huitzilopochtli side was carved
the glyph “4 Reed,” which refers to the
year A.D. 1431.

The Epoch IV construction brought
additions that'made the temple particu-
larly splendid. The platform was deco-
rated on all four sides with braziers and
serpent heads. The braziers on the Tla-
loc side are adorned with the face of the

REMAINS OF THE GREAT TEMPLE attributable to the seven main epochs of construc-
tion are combined in this partial reconstruction. The sanctuaries of Tlaloc and Huitzilopochtli,
respectively facing a chacmool statue and a sacrificial stone, are shown as they appeared in
Epoch IL. The second set of steps descending westward is from Epoch IIL. The next-lower set
of steps is from Epoch IV. The platform below them, the one with the huge snakes, the Coyol-
xauhqui stone shown on the cover of this issue and the altar of the two frogs, is from Epoch
IVb. Epoch V is represented by the lower part of the platform on three sides of the temple.
Epoch VI construction is represented by flagstones around all four sides and several smaller
temples: to the north the Temple of the Eagles and three platforms, and to the south the Red
Temple. The destruction of the final temple by the Spanish conquistadors was so thorough that
Epoch VII is represented only by small areas of slab flooring and a small area of platform.
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water god; those on the Huitzilopochtli
side are decorated with a knot, a symbol
of the warrior deity. Just below the bra-
ziers and serpents we unearthed var-
ious offerings enclosed in cists, or stone-
walled boxes.

Epoch IVb involved an addition to the
main facade (on the west): a vast
platform extending in front of the tem-
ple. At both ends of this wide, unbro-
ken area we uncovered enormous stone
serpents with an undulating body and
a huge head, still bearing some of the
paint that had originally covered them.
A small altar with two frogs stands in
line with the middle of the stairs that
once led to the part of the temple ded-
icated to Tlaloc. In the correspond-
ing place on the Huitzilopochtli side a
stone two meters long and decorated
with serpents forms part of the top of
the platform.

The remains of the temple pyramid
itself include the base of the stairways
with four large stone serpent heads, one
ateach end and two in the middle, mark-
ing the meeting place between the two
halves of the temple. The platform in
front of the stairs on the Huitzilopoch-
tli side is where the street excavators
uncovered the monumental sculpture
of Coyolxauhqui in 1978. This was the
goddess, the sister of Huitzilopochtli,
who conspired against him before he
was born and on whom he took revenge
by dismembering her on the hill of
Coatepec. The temple pyramid is in fact
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a symbolic representation of the myth-
ical hill.

In the platform we found various of-
ferings, some around the massive Co-
yolxauhqui relief, some between the two
middle serpent heads and some aligned
with the midpoint of the Tlaloc stair-
way. All were buried under the floor of
the platform except for chambers I and
II, which were found under the temple
stairs. At the north and south ends of
the platform were rooms with colored
stone floors, and at the north end was
a small altar with stairs. Within it were
two offerings dedicated to Tlaloc, one
consisting of more than 42 skulls and
bones of children.

We think Epoch IV generally corre-
sponds to the reign of the Aztec ruler
Moctezuma I, because the date “1 Rab-
bit” (equivalent to the year 1454) is on
the back part of the temple on the Hui-
tzilopochtli side. The addition of Co-
yolxauhqui and the serpents in Epoch

== IVb may well date to the reign of the
OFFERING CIST (a stone-walled box) was one of several cists discovered under the paving ruler Axayacatl. A glyph on the south
of the Epoch IVb platform. Designated Chamber III, it held figurines, masks and two pots.  gide of the pyramid represents the date
“3 House” (1469), the year Axayacatl
became Tlatoani (the Aztec word for
speaker or ruler).

We found that the temple platform
associated with Epoch V was covered
with stucco. We also uncovered part of
the floor of the ceremonial precinct con-
sisting of stone slabs. Epoch VI, which
was the next to the last, is represented by
the remains of part of the temple plat-
form. A wall on the west side is decorat-
ed with three inset serpent heads. Also
belonging to Epoch VI are the small
temples on the north side of the Great
Temple, the Platform of the Eagles, and
a great plaza of stone slabs on which
these structures stand. On the south side
of the Great Temple is a structure we
call the Red Temple, which corresponds
to the small temple on the north side.

The last epoch of the Great Temple,
the one the Spanish saw, was Epoch VII.
Its remains are generally limited to part
of the slab floor of the ceremonial pre-
cinct and traces that remained when the
temple was razed. On the north side,
however, part of the temple platform
can be discerned; it corresponds to the
platform of the preceding epoch. Ap-
parently in Epoch VII the small adja-
cent edifices of Epoch VI were cov-
ered with fill and a floor was laid over
them. The Great Temple platform was
built on top of the preceding one but
was not enlarged.

We unearthed more than 100 offer-
ings, including more than 7,000
artifacts. Many were of Mexica origin
but many others came from tributary
areas. The large majority of them had
come from what is now the state of
EFFIGY POT, representing Tlaloc, is one of many kinds of pottery found in offering cists at Guerrero, from the Mixtec area in Oa-
the Great Temple. Many objects at the temple came from other parts of Mexico under Aztec  Xaca, from the Gulf of Mexico coast,
control, but this image of the water god appears to be the work of a resident of Tenochtitlan. from Puebla and from other parts of
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EAGLE WARRIOR, a life-size pottery figure nearly two meters on the arms, the talons below the knees and the oversize bird mask
high, is one of the finest discoveries at the Great Temple. The figure identify the figure as representing one of the two main orders of Az-
may originally have been covered with an eagle costume. The wings tec soldiery. The soldiers of the other order wore a jaguar costume.
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CEREMONIAL KNIVES, painted with red ocher and bearing seashell teeth and eyes with ob-
sidian pupils, resemble those that were used by the Aztecs to cut out the heart of a captivein a
sacrificial rite. At the bottom of each of the two knives at the left is a lump of copal incense.

Mexico. Not a single object, however,
is attributable to the neighboring Taras-
can or Mayan cultures.

The imports from the tributary areas
included many interesting stone ob-
jects. Among them were masks and fig-
ures of various types and sizes, done in
the Mezcala style of Guerrero, and ala-
baster pieces from the Puebla region,
including representations of deer heads
and seated deities. Two magnificent
funerary urns of orange ceramic are of
Gulf Coast origin. Inside them were the
remains of burnt bones, necklaces and
other materials. In other offerings were
seashells, fishbones, sawfish bills and
corals from both the Gulf coast and the
Pacific coast.

Little more can be added for the pres-
ent, since the material is still under
study. This work constitutes the third
phase of our research: interpretation. It
can be said, however, that the majority
of the materials—for example all the ob-
jects of marine origin—represent Tla-
loc or symbols associated with the wa-
ter god. Huitzilopochtli himself was not
actually represented among the arti-
facts, but there are symbols of the war
god, for example skulls and ceremonial
knives decorated with eyes and teeth of
conch shell.

To help the reader understand the im-
portance of these offerings, I can do no
better than to further quote Duran and
Bernal Diaz. Duran writes: “Seeing the
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speed with which the temple was be-
ing built and wishing to honor his god
further, King Moctezuma ordered all
the sovereigns of the land to gather
from all the cities a great number of
precious stones, strings of green stones,
which they called chalchihuites, transpar-
ent stones, bloodstones, emeralds, ru-
bies and carnelians, in short every type
of rich stone and precious jewel and
many treasures. Every braza [about six
feet] that the building grew these pre-
cious stones and rich jewels were to be
thrown into the mortar.

“And thus giving tribute to the leaders
each city in its turn lent support and
gave the jewels and stones to throw into
the foundations, so that at every braza
of the building they tossed in such a
quantity that it was something to mar-
vel at. And it was said that since god
gave these riches, it was not inappro-
priate to employ them in his service, be-
cause they were his.”

Referring to the time when a similar
temple in the neighboring city of Tlate-
lolco was destroyed, Diaz writes: “Some
curious readers may ask how we came

to know that they had thrown gold
and silver and precious chalchihuites and
seeds into the foundation of the [pyra-
mid] and watered them with the blood
of Indian victims, seeing that the build-
ing was erected 1,000 years ago. My an-
swer is that after we conquered that
great and strong city and divided the
ground we decided to build a church to
our patron and guide St. James in place
of Huichilobos’ [pyramid], and a great
part of the site was taken for the pur-
pose. When the ground was excavated to
lay a foundation, gold and silver and
chalchihuites, and pearls, seed pearls
and other precious stones were found
in great quantities, and a settler in Mex-
ico [City] who built on another part of
the site found the same.”

What concept underlay the fact that
two deities shared the summit of
the Great Temple? The economic aspect
of this duality has already been men-
tioned; it remains to discuss the politi-
calimplications. The double temple as a
type of monument was present in cen-
tral Mexico as early as the beginning
of the 13th century A.D., for example at
Tenayuca and later at such other Mexi-
ca sites as Teopanzalco, Santa Cecilia,
Tlatelolco and of course at Tenochtitlan
itself. We think the pattern emerged as
the result of a struggle for power be-
tween two factions in the societies of the
Classic Period (a.D. 300-900). For ex-
ample, it seems possible that in the city-
state of Teotihuacan, which many schol-
ars consider to have been a theocratic
polity, control was exercised by priests
in collaboration with a coercive mili-
tary. The struggle between two such op-
posing groups could have resulted final-
ly in the union of both state systems,
the ideological priesthood and the re-
pressive military, to control the whole
of society. This evidently happened
among the Mexicas, whose leader was
both the high priest and the military
commander. The political alliance of
priests and warriors was symbolized in
the double sanctuaries of Tlaloc and
Huitzilopochtli on top of the city’s larg-
est temple. Moreover, both aspects were
embodied in the person of the Mexicas’
single ruler, the Tlatoani.

In short, the Great Temple of Te-
nochtitlan symbolized to the Mexicas
water and war, life and death, Tlaloc
and Huitzilopochtli. It was a place of
glory for the Mexicas and a place of
suffering for those under their power.

DEDICATION STONE of the Great Temple shows at the top two members of the Aztec roy-
alty, a ruler and his successor, facing each other on opposite sides of a “grass ball of sacrifice.”
Each is letting blood from his ear. The exaggerated streams of blood splash on the grass ball be-
fore entering the mouth of a monster representing the earth. The glyph at the bottom signifies
“8 Reed” (1487), the year of the ceremony observing the completion of a major building epoch.
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Fiber Optics in Plants

The tissues of plant seedlings can guide light through distances

as great as several centimeters. The cells of a plant may thus

exploit “light pipes” to coordinate aspects of their physiology

by Dina F. Mandoli and Winslow R. Briggs

ferent ways. In one of them, photo-

synthesis, the light is a source of
energy: it powers the synthesis of organ-
ic molecules. In the other the light is a
source of information; in a word, the
light is a signal. Thus the light may de-
termine whether or not a seed will ger-
minate; it may determine the angle a
growing root will make with respect to
gravity; it may determine the angle a
growing shoot will make with respect
to the direction of incident light; it may
determine how rapidly a stem will elon-
gate or a leaf will expand; it may deter-
mine when a plant will bloom. In each
case the energy the signal requires to
trigger the response is orders of magni-
tude less than the energy needed to drive
the response itself.

Now a further wrinkle enters: it is be-
ginning to appear that the tissues of
a plant, and in particular an etiolated
plant—a seedling in the darkness below
the soil line—can guide light. In essence
the seedling acts like a bundle of fi-
ber-optic strands. At the Department of
Plant Biology of the Carnegie Institu-
tion of Washington we have detected
the guiding of light through columns of
cells in the shoots of etiolated seedlings
over distances as great as 4.5 centime-
ters. This means the light has passed
through not only the interior of dozens,
even hundreds, of cells but also the com-
plex, light-scattering interfaces between
successive cells. One conceivable result
of such “light-piping” is that parts of the
seedling buried underground may begin
to respond to light as soon as the tip of
the seedling pierces the surface of the
soil, or even before if the soil transmits
a significant amount of light. A more
speculative possibility is that the pip-
ing of light helps to coordinate the
activity of cells as-the plant develops.
Plants, after all, have nothing that close-
ly resembles a nervous system. Perhaps
in some instances they rely on fiber
optics instead.

The place to begin is with the signals
plants get from light and the ways the
signals are measured. Both are remark-

P lants employ light in two quite dif-
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ably complex. Basically plants get four
distinct types of information from the
light impinging on them. They are the
amount of light, the quality of the light
(that is, its spectral distribution), the di-
rection of the light and the duration of
the light. The measurements are made
by pigment molecules inside the cells of
the plant, and notable among the var-
ious pigments is the one called phyto-
chrome. It has been studied in many lab-
oratories, including our own.
Phytochrome is uniquely well suited
to measure the quality of light. In partic-
ular it measures the ratio of energy be-
tween two rather narrow parts of the
spectrum: the red part (wavelengths
near 660 nanometers) and the far-red
part, just beyond the visible (wave-
lengths near 730 nanometers). What
suits it for making that measurement is
its photochemical behavior: the absorp-
tion of red light converts it into a form
that makes the molecule preferentially
sensitive to light in the far red. Con-
versely, the absorption of far-red light
converts it into a form that is preferen-
tially sensitive to red. In short, the spec-
tral quality of the light absorbed by phy-
tochrome determines what form it is in.
Phytochrome is customarily abbrevi-
ated P and the state of the pigment is
denoted by a subscript. Hence P, signi-
fies the red-absorbing form of phyto-
chrome, which predominates in plants
growing in the dark or in deep shade. (In
the environment of a shaded plant there
is more far-red light than red because
the leaves above the plant selectively ab-
sorb the red. The far red keeps the shad-
ed plant’s phytochrome in the form that
is preferentially sensitive to red.) Py sig-
nifies the far-red absorbing form, which
predominates in plants growing in unfil-
tered daylight. Py, is thought to be the
active form of the pigment: the one that
potentiates the plant’s responses.

he responses fall into four classes;
phytochrome participates in all of
them. Low-fluence responses are those
that show an increasing degree of re-
sponse with increasing fluence, or quan-
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tity, of red light. Most can be saturated
by a few minutes of red. Examples in-
clude seed germination, the directionali-
ty of root development (in particular the
alteration of the directionality dictated
by gravity) and the elongation of the
shoots of etiolated seedlings. The low-
fluence responses depend on both the
quantity and the quality of light. Lettuce
seeds kept in the dark but exposed to
sequential flashes of light furnish a spec-
tacular example. The seeds will germi-
nate only if the last flash in the sequence
is red. They remain dormant if the last
flash is far red.

End-of-day responses are superficial-
ly similar to low-fluence responses. Like
the low-fluence responses, they require
no more than a small quantity of light,
they can be stopped by light (that is, the
initial chemical processes underlying
them can be reversed) and they measure
both red and far-red light. On the other
hand, they depend on the light at a par-
ticular time: the end of the day. The
elongation of the stem of the sunflower
plant is an example. The elongation,
and hence the height of the plant, is
greatest if far red dominates the end-
of-day illumination.

High-irradiance responses require far
more light than the low-fluence respon-
ses. Moreover, they require exposures
of hours, not minutes, to reach satura-
tion. Stem elongation again provides an
example. The far-red environment of a
shaded plant can cause the stem of the
plant to elongate rapidly, so that the top
of the plant can poke through an overly-
ing canopy of vegetation.

Finally, some responses depend on
the length of the day. The most notable
example is the flowering of a plant. It is
perhaps the most familiar response of a
plant to light, and yet it is perhaps the
least understood of all the responses me-
diated by phytochrome. Some plants re-
quire long days to flower; others require
short days; still others seem not to re-
quire one or the other. Evidently all day-
length-sensitive flowering plants, long-
day and short-day alike, detect the dura-
tion of both the day and the night. If a



LIGHT-GUIDING PROPERTIES of plant tissues are responsible
for these photographs, which show red laser light guided through tis-
sues of seedlings. At the left is a corn root less than a millimeter in di-
ameter. From it come root “hairs,” which are extensions of individu-

al cells. Each hair is a few micrometers in diameter. Light has been
“piped” to the tips of the hairs. At the right is the curved stem of an
oat seedling a millimeter in diameter. Light has been guided through
the curves. The stem acts like a bundle of glass fiber-optic strands.
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LIGHT-ABSORBING MOLECULE phytochrome mediates many of the responses of a plant
to light. The molecule has two forms, which give it the patterns of light absorption shown in the
illustration. In one form, labeled P, (solid line), the molecule is preferentially sensitive to red
light. In the other, labeled Pg (broken line), it is preferentially sensitive to far-red light, that is,
to light at the transition from red to infrared wavelengths. The absorption of red light changes
P, into Pg; the subsequent absorption of far-red light changes Py into P,. The absorption
at the left in both spectra is from several amino acids in the protein component of the molecule.

plant receives a single flash of red light
during the night, it behaves as if the days
were long. The reason is not known;
perhaps the response involves the inter-
action of phytochrome with a circadi-
an rhythm, or daily cycle, of the plant.
Nevertheless, horticulturists exploit the
phenomenon: they apply artificial light
to short-day plants such as chrysanthe-
mums in order to delay their flowering
in the winter and extend the season in
which fresh blooms are available.

Our own investigations into phyto-
chrome and the fiber-optic proper-
ties of plants began with some surprises
among the low-fluence responses. We
were growing oats, which have a charac-
teristic pattern of germination. First a
root emerges from the seed; this is by
definition the onset of germination. The
root heads downward, sending out the
projections called root hairs. Then a
shoot emerges. It is a rather complicated
structure that includes the mesocotyl, or
first stem, and above it the coleoptile, a
cylinder of leaf tissue shielding the pri-
mary leaves, the first true photosynthet-
ic ones. The mesocotyl and the coleop-
tile are joined by the structure called a
node, which appears as a slight bulge in
the shoot. Compressed at the node are a
number of groups of cells destined to
become leaves. In grasses such as the
oat, nodes are the chief places where
cells proliferate. (This is why a lawn
can be mowed without killing the grass.)
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Elsewhere in the stem, growth proceeds
largely by cell elongation, not by cell
proliferation.

The mesocotyl serves to position the
node just below the soil line, regardless
of the depth at which the seed was bur-
ied. Accordingly the mesocotyl grows
rapidly in the dark but is progressively
inhibited by the increasing amount of
light it encounters as it grows toward the
soil surface. The coleoptile acts in much
the opposite way. It grows slowly in the
dark but grows faster as the amount of
light increases. When the plant breaks
through the soil, the coleoptile soon
stops growing, and the first of the true
photosynthetic leaves, which have kept
pace with the growth of the coleoptile,
break through its tip. They are begin-
ning to expand and develop into fully
competent photosynthetic organs.

The light-induced inhibition of the
growth of the mesocotyl and the con-
comitant promotion of the growth of
the coleoptile are among the most in-
tensively studied of the low-fluence
responses mediated by phytochrome.
Thus we found it puzzling that the re-
sponses of oat plants varied markedly
from our expectations when we dupli-
cated other investigators’ protocols for
growth and irradiation. An explanation
soon emerged: a group of plants that
germinated in absolute darkness acted
differently from ones that had occasion-
ally been illuminated by a green safe-
light. The plants exposed to the safe-
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light tended to inhibit the growth of the
mesocotyl and promote the growth of
the coleoptile. They acted exactly as
if they had “seen” a minute amount of
red light.

The explanation is not unreasonable.
P, absorbs green light only poorly. Still,
it does absorb some of the light. In fact,
green light is 10 percent as efficient as
redlightat converting P, into Pg. More-
over, a plant’s response to the forma-
tion of Py occurs over several orders of
magnitude of the P, concentration.
Even the conversion of a small propor-
tion of P, into Py by red or green light
should elicit a detectable change in the
plant’s low-fluence responses. Several
of the initial experiments were compro-
mised by the light from luminescent
watch dials. In other words, the seed-
lings were exquisitely sensitive to light.

What this meant for our experiments
was that the further growing of oat seed-
lings would have to be done in abso-
lute darkness. We therefore proceeded
in what we called “reagent-grade dark-
ness” to measure the response of the
mesocotyl and the coleoptile of etiolat-
ed oat seedlings to increasing fluences of
red light. The data showed that both or-
gans had pronounced responses to mi-
nute amounts of light. In fact, we could
measure responses when the fluence
was four orders of magnitude less than
the amount low-fluence responses are
thought to require near their threshold.
It appeared that the low-fluence re-
sponses were actually a composite of
low-fluence responses and a second
class of responses, which we call very-
low-fluence responses. For one thing,
the very-low-fluence responses proved
not to be reversible by far-red light. The
classical low-fluence responses (such as
the germination of lettuce seeds) are
quite reversible. Moreover, a very-low-
fluence response could be elicited by the
amount of energy in a single flash of
firefly light. The classical low-fluence
responses would require at threshold
10,000 such flashes, or the energy in one
second of moonlight.

Finally, we calculate that the very-
low-fluence responses begin when as lit-
tle as .01 percent of the phytochrome in
the plant is in the form of Pg and are
saturated when about .5 percent is in
that form. Since even the purest avail-
able far-red light leaves about 3 percent
of phytochrome in the Ps form, it is
hardly surprising that the very-low-
fluence responses are not far-red re-
versible, and indeed that they can be
brought about by far-red light itself.
The threshold for low-fluence respon-
ses is about 2 percent, and the satura-
tion of low-fluence responses comes at
about 87 percent.

In the wake of these findings came the
first suggestion that plant tissues act
as fiber optics. The idea we had was sim-



ply to locate the site of photoperception
in the etiolated plant. From the 1920’s
through the 1940’s several groups of
workers had made such an effort: they
had shielded parts of plants from light
and then had assessed the subsequent
growth of either the entire seedling or
parts of it. The responses to light in the
low-fluence range always proved to be
greatest when the node was irradiat-
ed. This result accords quite well with
the distribution of phytochrome in the
plant. As was shown in 1963 by one of
us (Briggs), working with Harold W. Sie-
galman, and later by Robert E. Hunt
and Lee H. Pratt of Vanderbilt Univer-
sity, phytochrome is found in all the
tissues of oat seedlings but is most abun-
dant in the node and at the tip of the
coleoptile. The cells there contain about
10 times as much phytochrome as the
cells in adjoining tissue.

COLEOPTILE

STRUCTURE of an oat seedling typifies the
structure of many grasses. The shoot emerg-
ing from the seed includes the mesocotyl, or
first stem, and the hollow cylinder called the
coleoptile, which sheathes immature photo-
synthetic leaves. Connecting the mesocotyl
to the coleoptile is the slight bulge called the
node, which will give rise to additional leaves.

Of course, no information was avail-
able for the very-low-fluence range. We
therefore repeated the experiment, ir-
radiating small regions along the length
of a row of oat seedlings grown in the
dark. In both the low-fluence range and
the very-low-fluence range the results
were unexpected. We thought we would
find a maximum response when the light
impinged on the node or the tip. Instead
the maximum response came when the
light impinged on tissue adjacent to the
node. A possible explanation was that
light was traveling to areas that were not
intentionally irradiated. Yet given our
method of masking, the only -available
path was through the plant itself.

For the most part living tissues are
poor transmitters of light. On the other
hand, light-guiding in living organisms
is not unknown. In the eye of flies the
rod cells and the cone cells are known to

guide light; they contribute to both the
sensitivity of vision and the perteption
of color. In the leaves of plants the layer
of cells called the mesophyll may guide
light; it may thus augment the light
available for photosynthesis. In the in-
ner ear of vertebrate animals the hair
cells of the organ of Corti guide light,
but this guiding is surely unrelated to
their function. (The cells serve the sense
of hearing.)

Do the tissues of multicellular plants
such as oats act as true light guides, that
is, as fiber optics? The oat plant does
grossly resemble a coaxial bundle of
commercial fiber-optic strands. For one
thing, the cells in the seedling tend to be
arrayed in columns. Moreover, when
the seedling is illuminated, the cell walls
remain dark but the interior of each cel-
lular column glows brightly.

Nevertheless, the hypothesis was dif-
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LOW-FLUENCE RESPONSES of a seedling demonstrate the modulation of the pattern of
growth of the plant induced by small amounts of light; part of the modulation results from
very small amounts of light and so represents what the authors call very-low-fluence respon-
ses. Two responses are diagrammed: the growth of the mesocotyl, which is inhibited by light,
and the growth of the coleoptile, which is promoted by light. The vertical scale plots each such
response as a percentage of the response of a plant grown entirely in the dark. The hori-
zontal scale plots quantities of red light. The quantities are minute. For example, 10 -9 mole
of photons per square meter corresponds to the energy a firefly would emit in a single flash.
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FIRST HINT OF LIGHT-GUIDING, that is, of fiber-optic properties, in plant tissues came
when the distribution of phytochrome in oat seedlings (¢) was compared with the sites in the
plant that seem to be most sensitive to light (5): the sites whose illumination elicits the maximal
low-fluence responses. It thus appeared that the plant was piping light. The responses of seed-
lings to light (namely changes in cell division and cell elongation) occur at still other sites (c).

ficult to prove. Our first attempts were
hampered because we had to bend the
seedlings. Otherwise part of the beam
of light we directed into one end of the
shoot would pass directly into the pho-
tomultiplier we positioned at the other
end. The seedlings, which are only 1.2
millimeters in diameter, break easily
when they are bent. We simply had to go
on trying until we succeeded at keep-
ing bent seedlings intact. Then a second
problem arose: the handling and illu-
mination of the seedlings tended to dry
them out, and with dehydration came a
diminution of the light-guiding capacity
of the tissue. This diminution is a useful
and accurate measure of water losses
in living plant tissue, as John S. Boyer
of the University of Illinois at Urbana-
Champaign and we later documented.
Initially, however, the dehydration was
a nuisance.

Lasers producing light at a visible
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wavelength generate none of the infra-
red radiation that is partly responsible
for drying out the tissue. Hence a low-
wattage helium-neon laser suited our
needs admirably: it provided a non-
damaging, high-fluence beam at a wave-
length near the peak of phytochrome’s
absorption in the red. Under such il-
lumination oat, corn and mung-bean
shoots all proved capable of light-guid-
ing, but with varying efficiency. Still, we
had no trouble detecting light-guiding
through lengths of dark-grown seedling
tissue as great as 4.5 centimeters.

Now we could compare the properties
of the seedlings with the properties of
commercial optical fibers. Fundamen-
tally a fiber-optic strand continues to
guide light if the fiber is bent not because
the light bends inside the fiber but be-
cause the light caromsrepeatedly off the
inner surface of the fiber, thus describ-
ing a zigzag path as it travels. At each
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reflection point the light encounters the
interface between the fiber and the sur-
rounding medium. Under normal cir-
cumstances part of the light would be
reflected there and part would escape,
although at an altered angle. In brief,
part would be reflected and part would
be refracted, but for a particular angle
of encounter, which is called the critical
angle, the refracted part of the light is
directed precisely along the interface.
Hence at angles exceeding the critical
angle no light escapes from the fiber. All
of it gets reflected. The fiber is then a
light guide; it has the property of “total
internal reflection.”

Total internal reflection requires first
that the refractive index of the light-
guiding medium (a measure of the speed
of light in the medium) be greater than
that of the surrounding medium and
second that the interface between the
two mediums be smooth. Consider,
then, a bundle of individual fiber-optic
strands, and suppose the refractive in-
dex surrounding the bundle is changed
to match that of the light-guiding me-
dium of each of the strands. Only the
strands at the perimeter of the bundle
will lose their light-guiding property.
The others, deeper in the bundle, will
retain a working interface. If the bundle
were a single, large-diameter fiber, the
equalization in refractive index would
eliminate all its light-guiding. Now sup-
pose a bundle of fiber-optic strands is
cut lengthwise into two equal bundles.
Each will conduct half the amount of
light conducted by the entire bundle. In
contrast, the cutting of a single, large-
diameter fiber roughens the only inter-
face in the system, and so it eliminates
light-guiding. All the plant tissues we
tested acted in both respects as if they
were multifiber bundles.

Afurther property of fiber optics is
that the amount of light trapped by
a light-guiding medium depends on the
angle at which light arriving from out-
side the fiber first impinges on the inter-
face. Light gets trapped in the fiber only
if it arrives at the interface at an angle
that equals or exceeds the critical an-
gle. For manufactured fiber optics the
experimenter’s strategy is plain: one can
tease a fiber out of the bundle and meas-
ure its critical angle directly. For tissues
in which columns of cells appear to be
the light-guiding units this strategy is
useless. A given cell, say an oat cell, is
only about .08 millimeter in diameter
and as little as .1 millimeter long. Fur-
thermore, the cut end of a plant consists
of damaged cells, which scatter light.
Since a measurement of the critical
angle was impossible for individual fi-
ber-optic elements, we decided to try to
measure the angular relation between
light and the tissues of a plant, a relation
more relevant to the physiology of the



plant than the relation for individual
light guides would be. We expected a
complex result, but plants illuminated at
different angles with a laser showed a
strong angular preference. The pattern
varied from species to species. Remark-
ably, however, the pattern seemed to be
independent of the geometry and size of
the tissue. For example, the roots of a

FIBER-OPTIC ARRAY

corn seedling are covered by root hairs,
the mesocotyl is a solid regular cylinder
and the coleoptile is a hollow ellipsoidal
cylinder, yet all three proved to have a
range of acceptance angles with a maxi-
mum at an angle of 47 degrees. (The
long axis of the seedling is taken to
establish a reference angle of 90 de-
grees.) The factors other than refrac-

OPAQUE PLASTIC DISK
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tive index that may be responsible for
determining the angular specificity are
still unexplored.

One final property of a fiber-optic
bundle is that it transmits an image
faithfully if the fibers in the bundle are
coaxial. Otherwise (that is, if the fibers
intertwine) the image is scrambled in
transit. The first of these situations is

LASER BEAM}//

© //
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POSITIONING RODS

LIGHT-GUIDING IS MEASURED in the stem of a mung-bean
plant by means of a laser beam and an array of commercial fiber-
optic strands. The apparatus aligns the cut end of the stem with a
cross of optic fibers. Each such fiber is .25 millimeter in diameter. A

closer view of the alignment is shown at the bottom left; the pattern
of laser light emerging from the tissue is mapped at the bottom right.
The light is conducted coherently, that is, with its geometric pattern
more or less preserved as it travels away from the point of irradiation.
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referred to as coherence; the second is
incoherence. Our measurements show
that dark-grown plant tissues whose
cells are long and fairly regular are of-
ten coherent image transmitters: they
are capable of transmitting simple pat-
terns of laser light.

Light that is guided away from the site
of irradiation by tissues configured as
coherent fiber-optic bundles may have
physiological effects independent of
those the light has at the site of irradia-
tion. Consider phototropism, and in par-
ticular the fact that blue light impinging

WHITE
LIGHT

NUCLEUS —

CYTOPLASM

INTERSTITIAL
AIR SPACE

CELL WALL VACUOLE

UNDEVELOPED _§
CHLOROPLAST i

PASSAGE OF LIGHT through various compartments of columns
of cells in beet plants was deduced from the absorption of the light at
particular wavelengths by pigments sequestered in various parts of
the cells. In an immature bect seedling (/ef?) the light proved to pass

96

on the tip of the coleoptile of oat and
corn seedlings causes the plants to grow
toward the light. Since the early part of
this century it has been assumed that the
tropism occurs because there is more
light impinging on the surface of the
plant that faces the source of the light.
Actually, however, our measurements
show that the amount of light conducted
down the opposite side of the plant can
be two or three times greater than the
amount conducted down the side the
light actually hits. The tip of the coleop-
tile is composed of arches of cells. We

reason that light tends to enter these
arches at an angle fairly close -to the
maximum acceptance angle of 47 de-
grees. Perhaps the greater part of the
light is guided along the arches to the
opposite side of the plant.
The spectral quality of the light guid-
ed through plant tissues must also be
important. For example, a change in the
red component of the light that enters a
given cell may yield a change in the ratio

between the red and the far-red wave-
lengths in the light, and that in turn can

WHITE
LIGHT

71N

an intracellular cistern,
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MATURE
‘CHLOROPLAST

through both the cytoplasm and the vacuole of the cells. The vacuole,

contains the pigments anthocyanin and beta-

cyanin. In seedlings exposed to light (right) the development of chlo-
roplasts reduced the transmission of light and changed its spectrum.



change the state of the phytochrome in
the cell. The result is presumably a mod-
ulation of the growth of the cell; for ex-
ample, the lower the ratio is, the faster
the stem of a plant tends to elongate.

What changes the spectra of the light
guided through a plant tissue? For one
thing, they are changed by the pigments
in plant cells. In cells from maple leaves
and the ribs of beet leaves, red and
purple pigments such as anthocyanin
and betacyanin are found in the vac-
uole, a large, cisternlike intracellular
structure. The green chlorophyll and
the orange carotenoids, however, are
found in organelles in the surrounding
cytoplasm. A concentration of any such
pigment would be in effect a filter.
Thus measuring the spectrum of the
light conducted through plant tissue
would show where the light had trav-
eled. We measured the spectrum of light
guided through dark-grown beet seed-
lings; it showed the absorption of light
at wavelengths characteristic of the an-
thocyanins and betacyanins. Some of
the light had passed through the intra-
cellular vacuoles.

Then we exposed the seedlings to
light. They soon developed photosyn-
thetic organelles; they manufactured
chlorophyll and turned green. The spec-
trum of the light guided through the
plant now showed additional absorp-
tions due to chlorophyll and the carot-
enoids. Some of the light had passed
through the cytoplasm. In fully greened
plants the absorption of light sharply re-
duced the quantity of light-guiding and
limited the wavelengths of the light to
the far-red part of the spectrum. The
significance of this phenomenon for the
phytochrome in mature plants remains
to be determined.

Ift us return to the remarkable ability
of grasses to position their node just
below the soil line regardless of the
depth at which the seed was buried. A
full understanding of the phenomenon
will doubtless require an understanding
of the light-transmission properties not
only of the plant but also of the soil.
Surprisingly little is known about the
latter. Accordingly Lawrence Waldron
and M. Nemson of the University of
California at Berkeley joined with us to
gather light-transmission data for vari-
ous types of soil. In sands and loams the
quantity of light transmitted turned out
to depend on hydration and on the size
of the soil particles. The quality changed
as well: the peak of the transmission
spectrum underwent a “blue shift,” and
with it a complex change in the ratio
between red and far-red light, with in-
creasing depth or with decreasing parti-
cle size.

Consider, for the sake of simplicity, a
buried seed that (unlike a lettuce seed)
does not require light in order to germi-
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RED LIGHT/FAR-RED LIGHT

UNDERGROUND LIGHT ENVIRONMENT encountered by a seedling depends on the ex-
tent to which sunlight penetrating the soil gets piped inside the plant itself. At the left the spec-
tral quality of sunlight (in particular the ratio of red to far-red light) is plotted for increasing
depth in a sandy soil (¢) and in an oat seedling (5). In addition the quantity of the light is shown
as a set of grays: light gray where the quantity is enough to induce low-fluence responses, dark-
er gray where the quantity is sufficient for very-low-fluence responses. One set of bars (c)
shows conditions in the soil; another set (d) shows conditions inside the seedling. Each set is di-
vided vertically: the left half corresponds to one second of sunlight at the surface, the right half
corresponds to 10 minutes. Apparently one second of sunlight is enough to initiate very-low-
fluence responses in an oat seedling even if it germinates at a depth of 20 millimeters or more.
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nate. Gravity guides its development;
thus the shoot grows upward, entering in
sequence the varying conditions created
by the soil. Each cell is now affected not
only by the local environment but also
by the light guided to it inside the plant.
Suppose the seed was buried in sandy
California loam to a depth of about 20
millimeters. In the environment first en-
countered by the tip of the coleoptile the
quantity of light is in the very-low-
fluence range, and the quality of light,
expressed as the ratio between red and
far-red, is about .9. Light can be guided
inside the plant with little attenuation
and with essentially no change in quality
over a distance of at least eight millime-
ters. In principle, therefore, the plant is
aglow to the ends of its roots. Even un-
der excellent growing conditions it will
be many hours before the tip of the plant
reaches the surface and has the pros-
pect of being bathed directly by sun-

light. Light-guiding may therefore give
the plant some time in which to begin
to develop the leaf tissues and the bio-
chemical machinery it will need for pho-
tosynthesis.

The light environment of a dark-
grown seedling is rather simple com-
pared with that of the fully mature green
plant. In fact, the mature plant lives in a
range of environments. It gets sunlight
and partial shade at its top; then in its
own canopy it gets shade and bursts of
sunlight, together with light and infra-
red radiation reflected from the ground.
Finally, underground its root system,
which can account for more than half
of the mass of the plant, may get no
direct light at all. Even there the mature
plant may respond to light. We have
found, for example, that some of the
roots of the corn plant are almost hori-
zontal in the dark but grow downward at
an angle of 30 to 50 degrees if we expose
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ABOVEGROUND LIGHT ENVIRONMENT is actually a com-
plex range of environments created by interactions of light with the
soil and light with the plant canopy. Here a wheat field is shown. The
quality of light (a) varies markedly with height above the ground.
Again the quality is represented by the ratio of red to far-red light.
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QUANTITY OF LIGHT
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them to red light. We think it is possible
that the quantity and quality of the light
transmitted through the soil is sensed by
roots, which utilize the information to
avoid the soil surface as they radiate
outward, obtaining water and nutrients.

The half century that has passed since
the use of light as a signal was discov-
ered in plants has been spent on efforts
to understand the complex physiology
mediated by plant pigments such as phy-
tochrome. The findings we have made
are spurring an awareness that the op-
tical properties of plants can also in-
fluence plant physiology. There are un-
doubtedly further surprises in store. In
coming years we hope to see connec-
tions made among three aspects of the
matter: the physics of light in plants (for
example the physics of fiber optics),
the transduction of light into chemical
signals and the effects of such phenom-
ena on plant biology.
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The quantity (b) varies as well. The latter is measured on a logarith-
mic scale in which 3.3 signifies the sunlight at the top of the plants.
In particular, it signifies 2 X 10 -3 mole of photons per square meter
per second. The data for the charts are taken from measurements
made by M. G. Holmes and H. Smith of the University of Leicester.



THE NEXT ENERGY CRISIS

Will we have enough electricity?

With our economy grow-
ing, we’re using more
electricity. Unless plans are
made now to satisfy this de-
mand, we could have electricity
shortages in the early 1990s.

Although some utilities have
recently had more than the mini-
mum generating resecves, these
reserves are shrinking. They could
become inadequate as our need for
electricity grows faster than the
utilities can provide it.

For decades, our use of electricity
has grown along with our GNP. This
year, they’re growing at about 8
percent; at just 3 percent growth
per year, we’ll need 50 percent more
electricity by the year 2000—and
twice as many power plants as we’re
building now.

The high cost of running short

Electricity shortages would have a
serious impact on our lifestyles and
our economy, reducing industrial
output, driving industries into other
countries, putting people out of
work, and limiting our ability to
compete worldwide.

Some measures can postpone
shortages, but they’re costly:

® Delaying the retirement of
older, less efficient plants

® Relying more on oil- and gas-
fired turbines

¢ Importing more electricity

To avoid shortages, we need to
finish the plants now under con-
struction and plan for more new
power plants—primarily coal and
nuclear plants, since these use the
economical domestic fuels that
provide the capacity, economy, and
security we need.

We’re in a planning crisis

Due to energy crises, recessions and
inflation since 1973, scores of coal
and nuclear plants were canceled in
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U.S. electricity demand could
exceed supply by the 1990s
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If demand for electricity continues grow-
ing at an average 3% per year (this year
it’s around 8%), in the 1990s the utilities’
reserve margin could drop below the
20% necessary to assure a reliable elec-

tricity supply.
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the planning stage. Financial prob-
lems caused many utilities to cancel
partially completed plants.

These plants and more will likely
be needed to avoid electricity short-
ages in the 1990s. Yet utilities are
faced with many obstacles and
uncertainties.

Borrowing money for plant
construction is increasingly diffi-
cult; state rate-setting procedures
often discourage new capacity;
opposition groups continue to
block construction; Federal regula-
tions continue to multiply, often
causing the repeated tearing down
and rebuilding of plant systems;
and high interest rates and pro-
longed construction periods force
electricity bills up.

These problems need to be solved
through the understanding and
cooperation of the industry, govern-
ment, and the public. Only then will
the utilities be able to take the steps
needed to prevent electricity short-
ages and sustain a growing economy.

Free booklet tells more

Write: U.S. Committee for Energy
Awareness, P.O. Box 37012 (D6),
Washington, D.C. 20013.

Information about energy
America can count on today
U.S. COMMITTEE FOR ENERGY AWARENESS



The Mechanical Manipulation
of Randomly Oriented Parts

It is one of the main obstacles to the broader application of robots

in industry. A computer system can now ‘“‘see’’ an object at the top

of a bin of mixed parts and direct a mechanical arm to pick it up

by Berthold K. P. Horn and Katsushi Ikeuchi

( :onsider the fine coordination be-
tween the eye and the hand of a
young child who picks a cookie

out of a jar. Although the cookies are

roughly uniform in size and shape, the

pile of cookies at the top of the jar is a

jumble of visual cues, a rugged topogra-

phy from which the child must extract
enough information to determine what
part of the visual or tactile field can be
ascribed to the single, target cookie. As
the child learns to take a cookie without
crushing or breaking the ones around it,
the child comes to realize that not every
orientation of the hand can be success-
ful. For example, seizing the edge of the
cookie between thumb and forefinger
works only if the center of the cookie is
on or near the line connecting the oppos-
ing points of pressure. A much more re-
liable strategy is to determine the atti-
tude, or orientation, of the cookie visu-
ally and then turn the hand to one of the
positions best suited for picking it up.
Finally, having grasped the cookie in
one attitude or another, the child must
transform the spatial coordinates of the
cookie that pertain to the hand into the
coordinates that pertain to the mouth.
Until recently such a complex set of
coordinated actions was beyond the ca-
pability of mechanization that seeks to
replicate some of the functions of facto-
ry workers. The robot now working in
the factory is fundamentally a playback
machine for motions in space. To car-
ry out a task the robot must first be

“trained” by a person already skilled in

the task. The “arm” of the robot is guid-

ed through a series of motions, and the
sequence of robot configurations need-

ed to follow the trainer is recorded on a

tape or other memory deviceé. When the

tape is played back, it directs the robot
to execute the same sequence of mo-
tions. The ability of the robot to record
spatial motion has been exploited by
choreographers to make a permanent
record of dance movements, but with-
out notable success. Nevertheless, the
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playback robot has found a niche in the
factory because many industrial tasks
are so highly repetitive that they can be
done as a sequence of fixed motions.
Mechanical manipulators have there-
fore been applied to spot welding, ma-
chine loading, painting, deburring, seam
welding, sealing and other tasks that are
boring or hazardous.

There is much factory work that can-
not readily be adapted to a fixed routine
of movement. In manual assembly, for
example, it is common to have parts
stored in trays or bins surrounding the
work station. There the blind playback
robot is virtually useless because it can
tolerate very little uncertainty in the po-
sition of a part it must handle. An obvi-
ous solution to the problem is to avoid
jumbling the parts together in the first
place, or in other words to maintain
a controlled orientation from the time
they are made. There is a trend among
manufacturers in favor of this solution:
parts can be organized on carriers or at-
tached to pallets on which they can be
mechanically manipulated without the
need for sensing. Nevertheless, the solu-
tion has its costs. The carriers or pallets
must be designed and manufactured, of-
ten to close tolerances. Moreover, the
pallets are usually heavy, they take up a
large amount of space and they often
have to be redesigned when the part they
carry is modified. Indeed, the design of
the part itself may have to be altered for
the sake of automatic feeding. Suffice it
to say there are many circumstances in

which the volume of production has not
presented enough economic incentive
for the manufacturer to depart from
more traditional, manual methods.

We have now developed a computer
system that can determine the position
of a part with an arbitrary shape in a
randomly arranged pile. The system re-
quires only a few electronic images of
the pile of parts. The images are mathe-
matically transformed by the computer
into a form that is readily compared
with a mathematical model of the part
stored in the computer memory. The
mathematical model is rotated by the
computer until it closely matches the at-
titude of the object to be grasped. The
results are applied to direct a mechan-
ical arm to pick up the part. Such a
flexible sensing system may be able to
substantially extend the range of appli-
cations of industrial robots.

We are, of course, not the first to
develop a sensing system that can
be employed to guide the motions of a
machine. Indeed, the first stage in our
procedure is common to many other
kinds of machine vision: we record a
digitized image of the object on the im-
age plane of an electronic camera. The
image plane is made up of a large num-
ber of pixels, or picture elements, ar-
ranged in a regular pattern. The bright-
ness of the object, which is called the
gray level, is measured for each area
that corresponds to a pixel in the image
plane. The brightness values are quan-

MOTION OF A ROBOT that selects an object from a small pile of similar objects is depicted
in a series of drawings based on photographs made by the authors. The object is a torus, or
doughnut-shaped solid, which is difficult for most computer-controlled systems to recognize
and pick up. The command that directs the arm of the robot along a ray in space is based on in-
formation provided by three images made by an electronic camera. A computer program deter-
mines the identity and orientation of an object and then finds the region that corresponds to
the object in the image plane. The program also selects the points at which the robot is to grip
the object. When an infrared beam passing from one side of the gripper to the other is interrupt-
ed, the motion of the arm along the ray is stopped. The gripper then maneuvers into position for
the pickup, closes on the object and lifts it free. The object can be set down in any orientation.
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ORIENTATION OF A SURFACE at a point is given by the direction perpendicular to a plane
that is tangent to the surface at the point (/eff). It can be represented by the coordinates of a
point with the same orientation on the surface of a unit sphere called the Gaussian sphere, af-
ter Carl Friedrich Gauss (right). Orientation can be defined for any point not on a crease or
at a vertex of the surface. On the torus more than one point can have the same orientation.

tized, or rounded off, to one of as many
as 256 gray levels.

In special cases it is sufficient to calcu-
late certain properties of the object di-
rectly from the quantized image on the
array. For example, in certain situations
it is possible to distinguish points in the
image that correspond to the object of
interest from points that do not. Such
a segmentation into object and back-
ground is usually based on differences in
brightness. The resulting image is called
a binary image because each pixel repre-
sents one of two states of the object: its
presence or its absence. The binary im-
age of an object is conceptually much
like the pictures that are formed from an
array of lights on a theatrical marquee
or a stadium scoreboard.

Binary-image processing can be done
with high-speed equipment of moderate
cost. Unfortunately the binary image is
often too crude a representation for it to
serve as a guide to automatic manipula-
tion. If the shape of the binary image is
to conform even roughly with the sil-
houette of the real object, the contrast
in brightness between object and back-
ground must be quite strong. If there is
more than one object within the field of
view, they must not overlap or touch; if
the objects are not separate on the image
plane of the camera, the silhouettes can
change in unpredictable ways and the
outline of the binary image may have
little to do with the actual shape of a
single object. Furthermore, unless the
object has some rotational symmetry,
the silhouette of the object can change in
a complicated way when it is rotated in
any plane except one that is parallel to
the image plane. The information car-
ried by the binary image of an object in
an arbitrary configuration is in general
too variable to be matched reliably with
the representation of the object stored in
the memory of a computer.

There has been substantial progress in
machine vision since the first binary-
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image processors were demonstrated in
the laboratory about 15 years ago. Nev-
ertheless, the same strategic question
about the design of such a system must
still be faced: How can a symbolic de-
scription of the three-dimensional world
be recovered from the quantized, gray-
scale image recorded by an electronic
camera? The form and detail required in
such a description depend on its appli-
cation. For picking randomly arranged
objects out of a bin the description need
give only the identity, position and at-
titude of the objects in space.

t is often thought that the identity,

position and attitude of a part can
readily be derived if the three-dimen-
sional topography of the top of the bin
of parts is known. It turns out the deri-
vation is not straightforward, but the
topography of the parts is still a first step
in determining the description. The best-
known cue for recovering three-dimen-
sional topography from two-dimen-
sional images is the depth perception
afforded by stereoscopic vision. We
can see in depth partly because we have
two eyes that form images from slightly
different viewpoints. A number of ma-
chine-vision systems attempt to exploit
stereoscopic vision, but they are slow,
complex and expensive, and they can
deal only with certain kinds of images.

For practical applications machine vi-
sion does not have to emulate the admi-
rable capabilities of biological vision.
We have chosen instead to adopt a
method invented at the Massachusetts
Institute of Technology by Robert J.
Woodham, which is called photomet-
ric stereo. The method determines the
surface orientation of each small patch
on the surface of an object but does not
give the absolute distance to a point on
the object. It turns out that for segment-
ing, identifying and finding the attitude
of an object in space only local surface
orientation is necessary.
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The orientation of a surface at any
point (except a point on a crease or at a
corner) is defined by the direction of a
line perpendicular to the plane tangent
to the surface at that point. Every possi-
ble orientation of a surface corresponds
to the orientation of some point on a
sphere, and every separate point on the
sphere has a different orientation. The
line that gives the orientation of a point
on an arbitrary surface is therefore par-
allel to the line that gives the orienta-
tion of some point on the sphere. It also
follows that any spatial orientation can
be specified by giving two coordinates,
say the latitude and the longitude, of a
point on a unit sphere called the Gauss-
ian sphere, after the mathematician
Carl Friedrich Gauss.

Suppose a Gaussian sphere is illumi-
nated by a distant source of light. Fur-
thermore, suppose the material on the
surface of the sphere reflects all inci-
dent light and appears equally bright
from all viewing directions. Since the
light source is far away, the distance be-
tween the light and a point on the sphere
does not vary significantly with the posi-
tion of the point. The amount of light
captured and reflected by a small patch
on the surface of the sphere therefore
depends only on the apparent area of the
patch as seen from the light source. The
apparent area depends in turn on the
inclination of the patch with respect to
the light.

Since the brightness of the spherical
surface is assumed not to change with
viewing direction, the brightest part of
the surface for any viewer is the small
patch around the point where the sur-
face orientation matches the direction
of the incident light, or in other words
the point for which the source of light
is directly overhead. The brightness of
the surface decreases with the distance,
measured on the spherical surface, from
the brightest point. Patches of equal
brightness form concentric rings around
the brightest point because they are all
inclined at the same angle to the light.

If the first light is turned off and a
second distant light is turned on, the
visible patches on the spherical surface
are grouped into thin rings of equal
brightness centered on a second point.
Any small patch on the surface of the
sphere that can be illuminated by both
lights is thereby assigned two brightness
values, one value for each light source.
The first value limits the possible posi-
tions of the patch to a circle centered on
the point directly under the first light;
the second value assigns the patch to a
second circle with a different center.
The circles can intersect at no more
than two points on the surface of the
sphere. Hence for a given pair of gray
levels there can be at most two corre-
sponding points on the sphere, or in oth-
er words two orientations.



Suppose a table of values is construct-
ed in which the brightness measure-
ments made on the sphere are matched
with the orientations to which they cor-
respond. If a new object of arbitrary
shape is put in place of the sphere, its
surface orientations can be determined
directly from the table. For each small
patch on the new object a pair of bright-
ness measurements are made, one meas-

urement for each light source that was
previously turned on to calibrate the
surface orientations of the sphere. The
orientations that correspond to each
brightness measurement are then sim-
ply read from the table of values. The
procedure is fast because the bright-
ness measurements for all the surface
patches of the new object can be ob-
tained simultaneously from two im-

ages and because the data manipulation
needed to determine the orientation of
each surface patch from its brightness
values is trivial. Moreover, the method
can work for almost any object, no mat-
ter how complicated its surface or how
strange the arrangement of the lights.
One obvious problem with the proce-
dure is that the surface orientation
of a patch is not uniquely determined. A

BRIGHTNESS MEASUREMENTS of the light reflected from any
small patch of a surface can specify the orientation of the patch. A
sphere is placed in the field of view of an electronic camera in or-
der to calibrate the computer system. The orientations of the surface
points of the sphere are known, and so each brightness measurement,
or gray level, recorded by a picture element in the image plane of the
camera can be associated with a known orientation. When the sphere
is illuminated by one source of light, the contours of constant bright-
ness on the sphere are concentric circles, one of which is shown in col-

or at the upper left. A second brightness measurement with a light
source from a different direction gives a second set of concentric cir-
cles (upper right). The two measurements specify a pair of gray levels
for each picture element. Only two patches on the sphere, which cor-
respond to the two picture elements where two circles intersect, can
have a given pair of gray levels. A third measurement gives a unique
orientation of a patch on the sphere. When the same measurements
are made for an unknown object, the orientation of a surface patch
is determined from the calibrated gray levels (lower left, lower right).
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third light source can remove the re-
maining ambiguity, but the information
it provides is far greater than that need-
ed to distinguish two orientations. In-
stead of being content with overkill, one
can exploit the three sources of light to
derive additional information about sur-
face properties. For example, if a sur-
face reflects only a fraction of the in-
cident light, and if that fraction, which
is called the albedo of the surface, varies
from point to point, each of the three
brightness measurements gives rise to
an equation with three variables. The
variables are the two coordinates and
the albedo of each point on the surface
of a sphere. The system of three equa-
tions can be solved for the variables,
provided the three lights and the illumi-
nated object do not all lie in a plane.

If the brightness measured by each
pixel of the camera is rounded off to
one of, say, 16 values, there are 163, or
4,096, possible combinations of bright-
ness values for each pixel when the
brightness is measured for three sources
of light. Most of the combinations, how-
ever, are not to be found in the lookup
table. For example, no surface orienta-
tion of the sphere would correspond
to the combination in which all three
brightness values are maximum, unless
all three sources of light were to impinge
on the surface from the same direction.
In that case, however, surface orienta-
tions could not be uniquely defined by
the variations in lighting. Brightness
combinations absent from the lookup
table are nonetheless detected by the
camera at some pixels, and such “im-
possible” combinations can be quite val-
uable in segmenting the image, or di-
viding it into regions that correspond
to different objects.

One cause of anomalous brightness
combinations is the shadowing of one
object by other objects in the pile. A
crude way to detect shadows is to as-
sume that gray levels darker than a cer-
tain threshold in at least one image indi-
cate a shadow. A second cause of anom-
alous brightness combinations is mutual
illumination, the reflection of light from
one object onto another; it is particular-
ly common when objects of high albedo
face one another. We assume that if the
gray levels are brighter than the shadow
thresholds, most observed combinations
that are not found in the lookup table
are caused by mutual illumination. The
effect is generally seen near the edges of
objects and along boundaries where ob-
jects tend to obscure one another; it can
therefore be exploited for image seg-
mentation. We also look for disconti-
nuities in surface orientation and for
high surface inclination, both of which
tend to mark regions where one object
REFLECTED LIGHT from a random pile of objects is shown for sources of light from three ~Obscures another.
directions. The differences in shading for a given region of the surface are subtle to the eye, but Once a connected object of interest
they can readily be detected by electronic sensors. The photographs were made by the authors. has been tentatively identified in the
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field of view, our goal is to match the
observed object with one of the proto-
type objects that is abstractly represent-
ed in the memory of the computer.
When the match is made, the observed
object is identified. The only data avail-
able for making the match, however, are
the position and orientation of surface
patches on the object in view. That in-
formation can be represented by con-
structing a line perpendicular to the
surface of the object at each point that
corresponds to the center of one of the
pixels into which the image is divided.

Suppose all the perpendicular lines
have the same length. The shape of the
observed object can be represented by
the length and direction of the perpen-
dicular lines as seen in perspective: the
lines on the surface patches that face
the viewer are represented as points, and
the lines on the surface patches that
slope away from the viewer vary in
length with the sine of the inclination of
the patch. The resulting figure resembles
a surface covered with the quills of a
porcupine; it is called a needle diagram.

It is costly and computationally ineffi-
cient to compare the needle diagram of
the observed object directly with a nee-
dle diagram of a prototype object. Odd-
ly enough, it is much more efficient to
temporarily disregard the information
that gives the relative position of vari-
ous surface patches and focus instead on
the surface orientations alone. A mathe-
matical representation of the surface
orientations called the extended Gauss-
ian image, or EGI, is constructed from
the needle diagram. The prototype ob-
jects are stored in computer memory in
a similar mathematical form.

The EGI of any object is a sphere on
which are plotted the relative contribu-
tions of each orientation of the surface
of the object to the area of the surface as
a whole. In order to identify the object
selected in the field of view, the EGI of
a prototype is abstractly rotated within
the computer until it matches the EGI
of the observed object as closely as pos-
sible. The same procedure is repeated
for each prototype stored in memory.
The observed object is assumed to be
the prototype that gives the best overall
match; the match simultaneously gives
the attitude of the EGI for the object.

To understand how the EGI of an ob-
ject is constructed, remember that
any point on the surface of the object
can be associated with a point having
the same orientation on the Gaussian
sphere. Similarly, a patch on the surface
of the object can be associated with a
patch on the surface of the Gaussian
sphere by matching each point on the
object with its corresponding point on
the sphere. For example, wherever the
surface of the object is relatively level
like the flat side of an egg, the corre-
sponding patch on the Gaussian sphere
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NEEDLE DIAGRAM (fop) represents the orientation of surface patches on the random pile
of objects shown in the photographs on the opposite page. The orientation corresponding to
each picture element in the camera is given by the direction of a needle, or line segment of con-
stant length. The needles are shown as if they were attached to the surface at right angles like
the quills of a porcupine and viewed from the camera. The computer divides the image into
connected segments (middle), and one of the segments is isolated for further processing (bottom).
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encompasses a relatively small fraction
of the surface of the sphere. On the other
hand, wherever the surface of the object
curves relatively sharply like the end of
an egg, the corresponding patch on the
Gaussian sphere is relatively large.

Imagine now that the egg is covered
by a material of uniform density. To
construct the EGI of the egg, the materi-
al from every patch on the surface of the
egg is compressed or spread out in such
a way that it fits exactly into the corre-
sponding patch on the Gaussian sphere.
The material on the flat region of the egg
is compressed like a lump of clay in or-
der to fit into arelatively small region on
the Gaussian sphere. The material on
the end of the egg must be spread out
so that it fills a relatively large region
on the Gaussian sphere. As the patch-
es on the object of interest become pro-
gressively smaller the density of the ma-
terial on the Gaussian sphere can vary
continuously over its surface.

The visible hemisphere of the EGI,
which corresponds to the visible surface
of the observed object, can be numer-
ically approximated from the needle
diagram. The surface of the Gauss-
ian sphere is tessellated, or divided into
cells, and each cell corresponds to some
small range of possible orientations. Ev-
ery pixel of the needle diagram whose
orientation falls within the range of ori-
entations corresponding to one of the
cells is assigned to that cell.

In determining the mass of material
that is to be assigned to the cell, one
must remember that the surface area of
the observed object projected onto a
pixel depends on the inclination of the
surface with respect to the viewer. A
surface that is steeply inclined away
from the viewer is foreshortened and
appears smaller than it would if it were
viewed head on; one can correct for the
effect because the angle of inclination is
known from the needle diagram. The
mass on each cell on the Gaussian
sphere is then equal to the total mass of

the parts of the observed surface that
are visible in the pixels assigned to the
cell. Since the material that covers the
observed surface has a uniform density,
its mass over any patch of the surface is
directly proportional to the area of the
patch. Hence the mass on each cell is
also equal to the area of the parts of the
observed surface to which the cell cor-
responds. The mass distributed over
all the cells is equal to the total area
of the observed surface. The tessellated
Gaussian sphere is a quantized, or dis-
crete, approximation of the EGI. It is
called the orientation histogram.

he distribution of mass on the orien-

tation histogram and, for that mat-
ter, the distribution on the EGI lead to a
number of mathematical results that are
useful in matching the observed object
with a prototype. It is straightforward to
calculate the center of mass for any visi-
ble hemisphere of the orientation histo-
gram. (Note that this quantity has noth-
ing to do with the center of mass of the
visible part of the real object.) Since the
orientation histogram of each prototype
object in the memory of the computer is
known over the entire Gaussian sphere,
the center of mass can be calculated
for any visible hemisphere and stored in
memory. We generally do the calcula-
tion for each hemisphere that is visible
when one of the cells in the tessellation
is viewed head on.

Consider the plane that divides the
Gaussian sphere into a visible hemi-
sphere and an invisible one. The cen-
ter of mass of the visible hemisphere lies
at some distance D above the plane in
the direction of the viewer. The product
of the mass of the visible hemisphere
and D is called the first moment of the
mass about the dividing plane. Since
the mass of the visible hemisphere is
equal to the surface area of the object
to which the hemisphere corresponds,
the first moment is equal to the area of
the visible surface of the object times D.

PATCH ON THE SURFACE of an object can be associated with a patch on the surface of the
Gaussian sphere. Every point in the patch on the object is matched with the point on the sphere
that has the same orientation. The patch on the sphere is a large proportion of the total sur-
face area when the corresponding patch on the object is strongly curved (gray); the patch
on the sphere is small when the corresponding patch on the object is relatively flat (color).
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There is another way to represent the
first moment of the mass of the visible
hemisphere. Consider the mass assigned
to any cell in the tessellation of the
Gaussian sphere. The individual cell’s
first moment about the dividing plane is
the product of its mass and its distance
from the plane. Since the cell lies on the
surface of the unit sphere, its distance
from the plane is readily calculated. If
the cell directly faces the viewer, its first
moment is equal to its mass. If the cell is
inclined from the viewer, its first mo-
ment is reduced by a factor that depends
on its inclination; the factor is equal to
the cosine of the angle between the ori-
entation of the cell and the viewing di-
rection. Remember that the mass of the
cell is equal to the area of the parts of
the surface to which it corresponds.
When those parts of the surface are
viewed, their actual area is also reduced
by the cosine of the angle between their
orientation and the viewing direction. It
follows that the first moment of the cell
about the dividing plane is equal to the
cross-sectional, or apparent, area of the
surface to which it corresponds.

The first moment of the mass of the
entire hemisphere is equal to the sum of
the first moments of all the visible cells;
in other words, the first moment is equal
to the cross-sectional area of the visible
surface of the object. As we have shown,
however, the first moment is also equal
to the product of the actual area of the
surface and D. The result is that D,
which is a number defined for the orien-
tation histogram, is equal to the ratio of
the cross-sectional area of the observed
object to its actual surface area. The ra-
tio can be calculated directly from the
needle diagram of the observed object.

The position of the center of mass for
any hemisphere of the orientation histo-
gram determines the value of D. Hence
the observed ratio of the cross-sectional
area of an object to its actual surface
area can be compared with the values of
D associated with various attitudes of
the prototype objects. Although the val-
ue of D does not unambiguously give
the attitude of the prototype matching
that of the observed object, it does save
computation. Any hemisphere of the
orientation histogram for which the
center of mass is not at least approxi-
mately in the right position need not be
scrutinized further.

In general the attitude of an object can
be specified by giving the direction of
some axis that passes through it and the
amount of rotation of the object about
that axis. Since the number of directions
for the axis and the number of rotations
for the object are both infinite, one can-
not compare the EGI of the observed
object with all possible attitudes of the
EGI of a prototype. Our matching pro-
cedure depends on sampling a finite
number of the attitudes of the EGI that
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TESSELLATION OF THE GAUSSIAN SPHERE can be done by
projecting a regular dodecahedron onto the surface of the sphere (lef?).
The dodecahedral tessellation is ideal for matching a representation
of the unknown object with a prototype stored in the memory of the

can be derived from the tessellation of
the Gaussian sphere.

The tessellation is constructed to meet
several independent criteria. In order to
distribute the surface orientations repre-
sented by the needle diagram in an un-
biased way, the cells of the tessellation
should ideally have the same area and
the same shape. If the cells are relatively
“rounded” polygons, such as pentagons
or hexagons, instead of sharply angled
ones, such as triangles, the range of ori-
entations assigned to each cell can be
minimized. Moreover, it is desirable
that when one cell is rotated into the
former position of another, the rest of
the cells on the Gaussian sphere are per-
muted from their initial positions. In this
way the rotation of the sphere can be
represented in the computer simply by
permuting the masses associated with
the cells. All these criteria can be met
by projecting the regular dodecahedron,
which is a polyhedron with 12 pentago-
nal faces, onto the sphere.

Unfortunately, with only 12 pentago-
nal cells on the Gaussian sphere the tes-
sellation is too coarse for the compari-
son with an unknown object. A finer tes-
sellation can be constructed by dividing
each of the 12 cells into five triangles;
each triangle can in turn be subdivided
into four smaller triangles. The resulting
tessellation has 240 cells, and so about
120 cells cover any hemisphere of the
sphere that is to be matched with the
orientation histogram of the object.

There are many technical refinements
to the matching process that we shall
not discuss here. In general we align the
orientation histogram of the observed
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object with the orientation histograms
of the various prototypes. One way to
measure the success of the match is to
find the square of the difference in mass
for each corresponding cell. The best
match is the one for which the sum of
the squares for all pairs of correspond-
ing cells is a minimum. In practice we
find that about 720 trials are needed to
find the attitude of the EGI of an un-
known object. The accuracy is between
five and 10 degrees of arc.

nce the identity of the observed ob-
ject and the attitude of its EGI
are known, the attitude of the object in
space is also determined; the control of
the robot arm is then relatively straight-
forward. The computer must determine
which points on the surface of the object
are most suitable for grasping. In part
the decision is dictated by the shape of
the object, but it is also desirable to
choose points for grasping that are high
on the object in order not to interfere
with neighboring objects in the bin.

It is worth noting that the calculations
we have described do not give the posi-
tion of the object. Position can be rough-
ly defined by the point in the center of
the object region in the image plane of
the camera. We find the position more
accurately by calculating a needle dia-
gram from the known orientation of the
prototype. The calculated needle dia-
gram can then be matched with the ob-
served needle diagram.

The position of the object in the cam-
era image defines a ray, or direction,
from the camera. In order to command
the arm of the robot to move along the
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computer, except that the 12 pentagonal cells in the tessellation are
too large. Smaller cells can then be generated (right) by dividing each
pentagon into five triangles (red); the subdivision could be continued
indefinitely by dividing each large triangle into smaller ones (blue).

ray, it is necessary to transform the spa-
tial coordinates measured with respect
to the camera into spatial coordinates
measured with respect to the arm. We
establish a general rule for the transfor-
mation by calibrating a few fixed points.
The gripper of the robot moves a sur-
veyor’s mark, or two-by-two checker-
board, to several fixed points in two
planes parallel to the image plane of the
camera. For each point the spatial coor-
dinates of the arm, which are deter-
mined by the sensors of the robot, are
matched with the spatial coordinates
measured by the camera. After the cali-
bration is made each point in the image
can be associated with a point in each of
the two planes. The two points define a
ray in the spatial coordinates of the arm.

The arm of the robot begins moving
along the ray from some convenient
height above the objects in the bin. Since
photometric stereo does not give infor-
mation about the absolute distance to
the object along the ray, we installed a
sensor on the gripper of the robot. The
sensor is actuated by a modulated infra-
red beam of light that propagates from
one side of the gripper to the other.
When the beam is interrupted, the arm is
stopped. The hand is then reoriented if
necessary to match the attitude of the
object, the gripper is closed and the ob-
ject is lifted free.

Our system takes about a minute to
switch the lights on and off, record the
images, match the observed data with
the prototypes and send the proper com-
mands to the manipulator. There is no
inherent reason the cycle time could not
be much shorter. The calculations are
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EXTENDED GAUSSIAN IMAGE (EGI) of an object can be pic-
tured as a distribution of material over the surface of the Gaussian
sphere. The material is initially spread evenly over the surface of the
object. Each patch of material on the surface is then moved onto the
sphere and compressed or spread out like clay to fit into the corre-
sponding patch on the sphere. The EGI is shown in the middle col-
umn of the illustration for various objects. The regions of highest den-
sity are shown in red, and regions of lower density are shown in or-
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ange, yellow, green, blue and purple. For example, all the points on a
face of a polyhedron have the same orientation, and so all the materi-
al from that face is concentrated at one point on the Gaussian sphere.
The surfaces of a cone and a cylinder are each mapped into a circle
on the Gaussian sphere; a line on the cone and a line on the cylinder
parallel to the axis of rotation are each mapped into a point. The com-
puter “perceives” the objects as they are shown in the column at the
right; there the EGI is quantized on a tessellated Gaussian sphere.
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simple, and special-purpose hardware
could be built to speed the matching.
Our aim was solely to demonstrate the
feasibility of our approach to the prob-
lem, not to show how fast it can work.
Most of the time the robot picks up one
of the objects from the pile on its first
approach. Occasionally the fingers of
the gripper bump into another object be-
fore they reach the target; the arm then
backs out of the field of view and the
process is started again from scratch.

here are numerous ways our system

could be modified, and many im-
provements will undoubtedly be made
before it is adopted by industry. We
have recently added a system designed
by H. Keith Nishihara of M.LT. that
simulates stereo vision for determining
the topography of a surface. The advan-
tage of the additional system over pho-
tometric stereo used alone is that it gives
some information about absolute depth.
In another experiment we substituted la-
ser range sensors for the lights and cam-
era employed in photometric stereo.
Both methods enable the robot to avoid
moving along rays that intersect objects
in the foreground of the target.

For many industrial applications, of
course, the robot is too slow and its ver-
satility is not needed. In such cases
“hard” automation is the rule: special-
purpose machinery is designed to orient
a part. For example, small parts such as
screws and other objects with a cylindri-
cal geometry can be dumped into a vi-
bratory bowl that can reject all configu-
rations of the objects except the config-
uration needed. Large or heavy parts,
however, as well as parts with complex
shapes are not well suited to vibrational
sorting. Moreover, a huge production
volume may be necessary to justify the
cost of such machinery.

We believe the system we have de-
scribed is flexible and robust enough to
be adapted to industrial tasks. It can reli-
ably recognize objects and determine
their attitude in space. The cameras and
other necessary hardware are relatively
inexpensive because only a few thou-

sand pixels are scanned for each field of .

view. The computer program is largely
devoted to pattern matching, and the
patterns for the prototypes can be de-
rived directly from data already present
in programs for computer-aided design.
Photometric stereo can readily be ap-
plied in the factory because it requires
no special lighting conditions; extended
sources of light can be placed in almost
arbitrary positions, provided the gray-
level calibrations are made after the
lights are fixed in place. Moreover, the
method is not limited to materials with
particular light-reflecting properties. It
remains to be seen what additional im-
provements will be made before ma-
chine vision is extensively applied to the
mechanization of work.

CENTER OF MASS of the material (color) that covers a hemisphere of the extended Gaussian
image depends on the area of the cross section of the object to which the EGI corresponds. For
example, when an egg is viewed end on (a), the center of mass of the corresponding hemisphere
of its EGI is relatively close to the plane that divides the Gaussian sphere in half (5). When the
relatively flat surface of the egg is viewed (c), the center of mass of the corresponding hemi-
sphere of its EGI is farther from the dividing plane (d). It can be proved that the distance from
the center of mass to the dividing plane is equal to the ratio of the area of the cross section to
the area of the visible surface of the object. Because that ratio is known, many orientations of
the EGI of the prototype can be eliminated from further comparison with the unknown object.

COORDINATION BETWEEN EYE AND HAND of the robot is arranged by calibrating
the spatial coordinate system of the robot arm with the spatial coordinate system of the elec-
tronic camera. A surveyor’s mark is moved to a series of fixed points in the coordinate system
of the arm, and the images of the points are given a second set of coordinates measured with
respect to the camera. The robot and the surveyor’s mark are shown as they appear to the cam-
era through a coordinate grid. The computer calculates a transformation whereby the coor-
dinates of a point in one system can be determined from the coordinates of the pointin the other.
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Instead of owning aca
maybe youneed a ce
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In a world full of cookie-cutter SLRs, Nikon introduces the world’s

Over the years millions of people  no other cameras to compare it with. But, as we said, that’ just the
have bought millions of SLRs For instance, take the matterof ~ beginning.
designed for beginners. Selective Focusing. Which is the abil- The FE2 is the first 35mm auto-

But what happens when you ity to vary apertures to express your matic with a 1/4000 shutter speed.
don’t want to take pictures like a impression of the subject. An absolute  An innovation made possible by
beginner anymore? must for anyone who wants to im- Nikons development of an ultra-thin

Many stick with their mass- prove as a photographer. honeycomb titanium shutter. It means

_produced SLR and wonder why they The FE2 gives you more options  photographers like yourself will, for
can't get better results. for Selective Focusing than any other  the first time, be able to use a full
or the few, however, who are 35mm SLR in the world. range of apertures in bright sunlight.

determined to improve as photogra- To begin with, the FE2 is an And because the FE2 is faster than
phers, Nikon has created an engineer-  aperture-priority automatic. So you any other 35mm automatic, it gives
ing marvel called the FE2. An have total control over depth of field you greater control over exposure
automatic SLR so different, there are ~ when you shoot in automatic. than other cameras when using the

If you love photography, don't miss Nikons “The Photographers Eye” on SPN Cable TV. Check local listings. For further information write Dept. 50, Nikon Inc., 623 Stewart Ave., Garden City, N.Y. 11530. © Nikon Inc. 1983.
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ra designed for millions
for afew,

ra engineered

fastest 35mm SLR automatic. The FE2.

latest 1000 ASA color print film.

The FEZ2 is also the only 35mm
automatic with a 1/250 flash synch
speed. Which means you'll have the
ability to select a wider range of lens
apertures when taking flash pictures
outdoors. An achievement that was
once considered impossible with a
35mm SLR.

In addition, the FE2 is one of the
few cameras equipped with through-
the-lens flash metering (T'TL). Which
gives you unparalleled accuracy
because flash exposures are mea-

sured by the camera as they
pass through the lens. And not by a
sensor on the flash unit itself. TTL al-
lowsyoutoachieve virtually unlimited
aperture settings when shooting flash
indoors with a dedicated Nikon
Speedlight.

Even when you're not taking
photographs with the FE2 its an
astonishing camera. Its balance and
‘feel’ make other SLRs seem bulky
and unresponsive. And its copper -
silumin aluminum body makes it one

of the most rugged Nikons ever made.
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So while other cameras are
designed for millions, the FE2 is engi-
neered to take the kind of pictures
only a few strive for.

One-in-a-million.

Nikon

We take the worlds
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Cooperative Breeding
in the Acorn Woodpecker

The birds share mates and raise their young in groups. Study

of the acorn woodpecker’s unusual social system shows how

natural selection yields both cooperation and competition

by Peter B. Stacey and Walter D. Koenig

the earth almost all species of birds

breed in- monogamous pairs. The
two birds, either singly or together,
choose the site for a nest, -build the nest,
gather food, incubate the eggs, feed the
young and guard them. Thus in most
species each monogamous pair of birds
constitutes a more or less self-contained
social unit. A notable exception to this
pattern is the acorn woodpecker (Mela-
nerpes formicivorus), a common and
conspicuous resident of oak and pine-
oak woodlands in the southwestern U.S.,
Mexico and Central America. The so-
cial unit of the acorn woodpecker is a
territorial group that can include more
than a dozen members. In winter the
group’s main source of food is mast:
acorns or other nuts stored in holes
drilled in a tree that serves as a storage
facility. Such a tree, which is called a
granary, is held collectively: the drilling
of new holes, the storing of mast and the
defending of the tree against intruders
are done by all the group members.

Furthermore, in the acorn wood-
pecker group both mating and the rear-
ing of young are also collective tasks.
The sexually mature birds in each group
are divided into breeders and non-
breeding ‘“helpers.” Among the breed-
ing adults mate-sharing is common. For
example, in a group with three breeders
of each sex all three males apparently
can breed with any female. Thus acorn
woodpecker young are truly progeny of
the group, and the adult members of the
group all contribute to the raising of the
young birds. The degree of mate-sharing
and the ratio of helpers to breeders de-
pend partly on the climate of the region
and partly on the available food re-
sources. As a result there is considerable
variation in group structure from one
region to another.

The overall mode of breeding of the
acorn woodpecker raises difficult ques-
tions for the evolutionary biologist.
Two central questions are: Why do the

In the northern temperate regions of
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helpers remain in the group during the
breeding season instead of leaving to re-
produce on their own elsewhere? Why
do the breeding adults cooperate in rais-
ing nestlings that may not be their own
offspring? Most students: of evolution
agree that in general selective pressure
operates at the level of the individual
organism or at the level of the genes and
not at the level of the social group or
the species. Evolution encouragesrepro-
ductive strategies that enable an organ-
ism to contribute copies of its genes to
the next generation. A bird’s serving as
a nonbreeding helper or raising young
that are not its own offspring appears
to run counter to evolutionary pressure.
Why, then, does such behavior survive
in the acorn woodpecker? The answer
can illuminate how underlying selective
pressures are manifested in social sys-
tems that appear to be paradoxical.

Over the past decade we and our
colleagues studied the cooperative
breeding of the acorn woodpecker in
three different U.S. habitats. One of us
(Stacey) worked mainly at Water Can-
yon in the Magdalena Mountains of
central New Mexico and also at the Ap-
pleton-Battell Research Ranch in south-
eastern Arizona. The other (Koenig)
worked at the Hastings Natural History
Reservation in central coastal Califor-
nia. In most areas where acorn wood-
peckers have been studied they live in
permanent social groups consisting of as
many as 15 members. Each group oc-
cupies a territory that is vigorously
defended from all other acorn wood-
peckers. There is generally only one ac-
tive nest in a group at any one time.
The feature of acorn woodpecker be-
havior that first attracted the attention
of ornithologists was not the fact that
the birds live in groups but their habit of
storing large quantities of acorns, pifion
nuts and other mast in a granary tree. In
the fall the group members harvest the
mast and wedge it into holes drilled in
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bark or in a dead tree. Some granary
trees have more than 30,000 holes. Stor-
age facilities with this kind of capacity
enable the group to protect large quanti-
ties of food from the effects of weather
and from other animals.

When ornithologists first noted how
the acorn woodpecker stores mast, some
of them suggested the birds could be
employing the mast to farm insects. It
was argued that as the mast decom-
posed over the winter it would be invad-
ed by insect larvae, and the woodpeck-
ers would have the insects as a ready
food source. Closer field observations
showed, however, that the birds regular-
ly move the mast from hole to hole to
keep it from rotting or falling out of the
tree as the nuts dry and shrink. The mast
itself serves the woodpeckers as food,
and mast that has been invaded by in-
sects is rejected.

Any bird that is a member of the
group can feed on the mast at any time.
Over the winter the stored mast is a
highly significant resource for the sur-
vival of the group. In the spring and
summer the woodpeckers eat insects,
tree sap, leaf catkins and flower nec-
tar. In most temperate habitats, how-
ever, such foods are either scarce or
completely unavailable in winter. An
acorn woodpecker group that exhausts
its stored mast in the winter months is
often forced to abandon its territory.

Many granary trees are easily accessi-
ble to the student of the acorn wood-
pecker, and with patience the stored
acorns or nuts can be counted. In this
way the energetic value of the stores and
of the area’s total woodpecker popula-
tion can be estimated. The estimates
show that stored mast is critical not only
for survival but also for reproduction.
For example, in a 10-year period at the
Hastings reservation in California, of
the groups that possessed stored mast
in the spring, 83 percent successfully
raised young birds to the stage of fledg-
ing, or leaving the nest. Of the groups
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1% B
GRANARY TREE is utilized by the acorn woodpecker group for members of a single acorn woodpecker group; some granary trees
the storage of mast: acorns and other hard-shell nuts. The tree in the are perforated with as many as 30,000 holes. The nuts are inserted in
photograph, which was made by one of the authors (Koenig) at the the holes in the fall as the group attempts to accumulate enough food
Hastings Natural History Reservation on the coast of central Califor- stores to last through the winter. The granary tree is a central fea-
nia, is an oak. The holes are drilled by successive generations of the ture of the ecology and social structure of the woodpecker group.
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ACORN WOODPECKERS are highly visible residents of oak and pine-oak woodlands in the
southwestern U.S., Mexico and Central America. The birds are about nine inches long. The
only visible difference between the male and the female is that the female has a black band
separating the red and white areas on the head; here a female is with two males. The acorn
woodpecker lives in social groups consisting of as many as 15 members, including several breed-
ers of each sex and additional nonbreeding helpers that are offspring from previous years.

that had exhausted their stores only
20 percent successfully raised young to
fledging. In years when the acorn crop
is particularly large groups sometimes
breed in the fall as well as the spring, a
phenomenon rare in temperate climates.

he effect of mast storage was also

observed at Water Canyon in New
Mexico. Over a nine-year period groups
that had mast in the spring fledged
an average of 2.7 young per year and
groups that had no mast fledged an aver-
age of 1.3 young. The results are partic-
ularly striking because the mast is rarely
fed to the nestlings. Instead it functions
as a food reserve that enables the adults
to search for insects, which are then fed
to the young birds.

By noting at regular intervals the
amount of mast stored by different
groups and correlating the counts with
observations of the groups it was shown
that mast storage has a strong influence
on the structure of the acorn wood-
pecker population in a particular area.
In years when the quantity of stored re-
serves is comparatively high the fraction
of adults that survive the winter is also
high. As a result the total woodpecker
population of the area is large and more
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groups are able to remain in their terri-
tories until spring. Since most territories
are continuously occupied, few young
birds can leave to colonize territories of
their own. Therefore a relatively large
fraction of each group is made up of
nonbreeding helpers.

The amount of mast a woodpecker
group can store is determined partly by
the yield of acorns or nuts from the trees
in its territory. It is also influenced by
the number of storage holes the group
has drilled in the granary tree. Since the
amount of stored mast has such a strong
influence on the structure and continuity
of the group, it would appear that group
members should spend much of their
time drilling new storage holes.

One of us (Stacey) found, however,
that the birds drill storage holes only
when they have a supply of mast. When
the food stores are exhausted, no drill-
ing is done. The reason is that in the
absence of accumulated mast the mem-
bers of the group spend much of their
time looking for other food. If a store of
mast is available, less time is spent in
foraging. Furthermore, some members
of the group must be near the granary to
guard the stores, and it is the guards that
drill the new holes; if there are no stores
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to guard, the guards too are off looking
for food.

The construction of storage facilities
by the acorn woodpecker group is an
example of a biological positive-feed-
back system. Groups with many storage
holes can accumulate enough mast to
enable them to drill new holes over the
winter. The enlarged capacity makes it
possible for the group to store more nuts
the following fall. Over a long period
the number of storage holes could be
limited only by the fact that the grana-
ries do not last forever.

The granaries are often constructed in
trees that are dead or partly so. Even the
sturdiest storage trees, which are oaks,
typically last for only a few decades
from the time the woodpecker group be-
gins to utilize them. Eventually the gra-
nary tree rots and falls. The fall of the
tree leads to a reduction in the group’s
size, in its reproductive success and in
the probability that it will remain resi-
dent in its territory throughout the year.
In some instances the fall of a large gra-
nary tree can even lead to the dissolu-
tion of the group.

R&search in recent years has shown
there is a considerable diversity in
the reproductive organization of species
of birds that breed cooperatively. In
some species, including the green wood-
hoopoe of Africa and the Florida scrub
jay, the birds form groups made up of
a single breeding pair and nonbreeding
helpers; the helpers are generally off-
spring from previous years. Other spe-
cies, including the Tasmanian native
hen and the Galapagos hawk, show co-
operative polygamy, or mate-sharing.
Mate-sharing entails the presence of
several male or female breeders; in both
the Tasmanian and the Galdpagos spe-
cies the multiple breeders are always
males. In such species it is thought the
brood can receive genes from all the
male breeders. Even among such unusu-
al species the acorn woodpecker stands
out because the woodpecker groups
have both nonbreeding helpers and
mate-sharing. Moreover, the mate-shar-
ing often involves males and females
simultaneously.

In the acorn woodpecker, courtship
behavior between male-female pairs is
absent. In addition the entire group
tends a single nest. As a result determin-
ing the reproductive roles in a cooper-
ative group is not an easy task. Copu-
lation is rarely observed, and so it is
particularly difficult to know the repro-
ductive status of male birds. It had long
been suspected that more than one male
in a group can breed, but proof was
lacking. It has recently been obtained by
genetic analysis of enzymes in the blood
of members of several woodpecker
groups; this work was done in collabora-
tion with Nancy E. Joste and J. David
Ligon of the University of New Mex-



ico and Ronald L. Mumme and Robert
M. Zink of the University of California
at Berkeley.

The reproductive status of females is
easier to determine because egg laying
can be observed if the group is watched
carefully during the breeding season,
which is generally in late spring and ear-
ly summer. At Water Canyon wood-
pecker groups with more than one
breeding female are rare. At the Has-
tings reservation, however, 20 percent
of the groups include two or more fe-
males that lay eggs in the same nest. In
both areas the groups are supplemented
by males and females that do not breed.

With both the Water Canyon and the
Hastings reservation woodpecker popu-
lations one of the first lines of work was
to unravel the reproductive relations in
the group and find out what determines
the reproductive status of individual
birds. It developed that there are intrigu-
ing differences in structure between
groups in one of the areas and those in
the other. In both areas helpers are
group offspring from previous years. At
the Hastings reservation, however, the
males that share mates are frequently
brothers and less frequently father and
son; the females that share mates can be
sisters or mother and daughter. At Wa-
ter Canyon the birds that share a mate
can be genetically reiated or unrelated.

To understand how such differences
could arise the history of a typical group
must be considered. A group can be
founded by a male-female pair or by
the joining of two “coalitions” from dif-
ferent groups. One coalition consists
of from one male to four males, usual-
ly siblings, drawn from an established
group. The other consists of from one
female to three females, also usually
siblings, drawn from another group.

Once the coalitions have merged, all
the mature adults can breed as a
unit. The young birds that are subse-
quently fledged remain in the group at
least until their first spring and some-
times longer. With one notable excep-
tion, which will be discussed below, the
group offspring do not breed as long as
they remain in their natal group. The
group varies in size as young birds are
fledged and as they and other birds
leave. The unit maintains its continuity
as long as at least one of the original
breeders of each sex is present. As the
original breeders die or leave, however,
there comes a time when all the found-
ers of one sex or the other have gone.
The disappearance of all the original
male breeders or all the original female
breeders creates what is known as a
reproductive vacancy, which is of fun-
damental significance in the history of
the group. The reproductive vacancy is
not filled by helpers from the group; a
daughter does not replace her mother as
a breeder, nor does a son replace his

father. Instead the gap is filled by ma-
ture birds from outside the group.
Contrary to what was thought only
a few years ago, young acorn wood-
peckers do not remain in their natal ter-
ritory waiting to inherit it from parents
of the same sex. Once the reproductive
vacancy has been filled, however, group

ACORN YIELD
‘ IN THE AREA

—

offspring of the sex opposite that of the
new breeder can mate. For example, if a
female breeder in a group has been re-
placed, the group offspring that are male
can breed in spite of the presence of the
original male breeders; the converse is
true for the females.

Explaining the features of reproduc-

STORAGE CAPACITY ‘
OF GROUP'S
GRANARY TREES

J—J

QUANTITY OF MAST
STORED BY GROUP

SURVIVAL RATE
IN AREA OVER
THE WINTER

NUMBER OF GROUP
MEMBERS THAT DIE
OVER WINTER

—

—

TOTAL WOODPECKER
POPULATION
OF THE AREA

NUMBER OF GROUP
TERRITORIES OCCUPIED
THROUGH THE WINTER

NUMBER OF HELPERS
THAT CAN LEAVE
THE GROUP

;—J

GROUP SIZE

FRACTION OF THE GROUP
MADE UP OF HELPERS

STRUCTURE OF THE ACORN WOODPECKER GROUP is strongly influenced by the
quantity of mast the group can store in the fall. The quantity of stored mast is itself determined
by the yield from the trees in the group’s territory and the storage capacity of the granaries
held by the group. The quantity of mast affects how many birds survive the winter. The surviv-
al rate influences the total woodpecker population of the area and also the number of desirable
territories that remain occupied all year. If the bird population is large and many territories are
occupied, few young can leave their parental groups to breed on their own. As a result the
groups are large and a substantial fraction of each group consists of nonbreeding helpers. The
quantity of stored mast also influences the number of young raised successfully by the group.
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tion among acorn woodpeckers is hard-
er than describing how the group forms.
The sharing of mates does provide one
explanation for why a group of birds
will cooperate in feeding the young. The
reason is that in some groups all the co-
operating adults are actually or poten-
tially the parents of the young birds. The
hypothesis does not, however, explain
the role of the helpers or the willingness
of the breeders to share mates.

£

Indeed, it might be supposed that
mate-sharing runs counter to the repro-
ductive interest of each breeding adult.
The number of young that can be cared
for by the group is limited. Hence when
the breeder shares a mate, there is a re-
duction in the fraction of the group
young that are the offspring of that
breeder. In most species of birds that
cooperate in raising offspring there is no
mate-sharing; the dominant male and

£oA

the dominant female exclude all other
adults from breeding and only a single
pair reproduces.

Recent work by one of us (Stacey)
suggests, however, that under certain
circumstances mate-sharing is to the
advantage of the individual breeder. In
some environments cooperation makes
a significant contribution to the individ-
ual’s reproductive success and even to
its long-term survival. The reduction of
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REPRODUCTIVE VACANCY, the disappearance of all the origi-
nal male breeders or all the original female breeders, is an event of
high significance for the acorn woodpecker group. The illustration
shows the history from 1979 through 1982 of the “Plaque” group at
the Hastings reservation. Color indicates a potential breeding adult.
In the boxes at the top the broken lines show the group members that
could mate; since copulations are rarely observed, it is not easy to tell
whether all potential breeders actually do mate. In May, 1979, the
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Plaque group consisted of male No. 473 and female No. 482. Their
first offspring, male No. 521 and female No. 522, were born in 1979;
as long as their parents were in the group the offspring could not
breed. Before the 1980 breeding season the original female breeder
(No. 482) disappeared. Two sisters from a nearby group (Nos. 494
and 496) joined the Plaque unit after a power struggle and forced fe-
male No. 522 out of the group. With his mother gone, male No. 521
could begin to breed with the immigrant females, as could his father.
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group size would put the individual at a
disadvantage. If subordinate birds that
were excluded from breeding were like-
ly to leave the group, the dominant birds
could enhance their own reproductive
success by sharing the breeding.

Data collected at Water Canyon and
at the Hastings reservation support
the idea that such factors are operating
in acorn woodpecker groups. At Water
Canyon the number of young that are
fledged per breeding male is higher in
groups consisting of two males and one
female than it is in breeding pairs. In the
groups of three there were 1.16 young
per adult male on the average; in the
pairs there were .92 young per male.
Thus when a male shares paternity with
another male in a threesome, he will
fledge more of his own young than he
would if he evicted the second male and
bred by himself.

At the Hastings reservation the re-
productive success of the individual de-
creases as the group expands but the
fraction of birds that survive the year
increases. A male or a female that is the
only breeder of its sex in a group has
an annual survival rate of 70 percent.
Among females sharing a mate the sur-
vival rate is 79 percent and among
males sharing a mate the rate is 86 per-
cent. Although the rates were lower at
Water Canyon, the pattern was similar:
survival was 47 percent for birds breed-
ing in pairs and 65 percent for those
breeding in larger groups. When the
data for reproductive success and sur-
vival are combined, it becomes clear
that in both the Water Canyon and the
Hastings reservation populations a bird
that begins its reproductive career shar-
ing a group with other individuals of
the same sex has an advantage over one
that breeds in a pair.

Although at first mate-sharing and co-
operative breeding appear to contra-
dict the principle that natural selection
operates on the individual organism,
close examination shows that cooper-
ative activity benefits the individual
breeder. Not all the activities in the
acorn woodpecker group, however, are
harmonious. Selective pressure has also
encouraged intense competition. Two
forms of reproductive competition are
notable: egg-tossing and the killing of
young birds.

Egg-tossing in acorn woodpeckers
was first observed by one of us (Stacey)
and Mumme at the Hastings reserva-
tion. As we have mentioned, many of
the breeding females in a group are
closely related genetically. A typical
egg-tossing episode could involve two
sisters. In the breeding season the sisters
lay their eggs in periods that nearly
overlap but are not precisely synchro-
nized. Each female lays some three to
five eggs at the rate of one egg per day.
The eggs are laid in the same nest cavity

WAKA DISPLAY is a gesture made by an acorn woodpecker to other members of its group
while guarding the granary and also in the power struggle over a reproductive vacancy within
a group; the raising of the wings constitutes a “greeting” or “recognition” display among group
members. The power struggle can involve as many as 50 birds that engage in several days of
continuous chasing and display. The winners of the struggle remain to breed in the empty terri-
tory; the losers return to the group where they were born and resume the function of helper.

and the sisters share the incubation and
the feeding of the young.

The first egg to be laid triggers a com-
petition between the females. When one
of the females lays the first egg, it is
almost invariably removed from the
nest by the sister. The sister takes the egg
to a nearby tree and puts it in a depres-
sion in the bark of a limb. Then the egg is
pecked open and the contents are eaten
by several group members, often includ-
ing the female that laid the egg.

When the female that laid the first egg
lays another on the following day, the
egg-tossing is repeated. Observations
have been made of as many as five eggs
being consecutively tossed from a nest.
The egg-tossing stops only when the sec-
ond female begins to lay. At that point
the bird apparently cannot distinguish
her eggs from her sister’s and therefore
refrains from further destruction.

he adaptive value of egg-tossing is

clear. The female that destroys her
sister’s eggs gains a genetic advantage
in the clutch of eggs incubated by the
group. If the egg-tossing had not taken
place, each sister would have contribut-
ed an equal number of genes to the next
generation. After the eggs are tossed the
bird that did the tossing contributes a
majority of the genes passed to the off-
spring. A pair of sisters may live togeth-
er in a group for several years, however,
and the female that has her eggs tossed
one year may toss her sister’s eggs the
next year. The reproductive success of
the sisters over their life span could be
approximately equal.
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An even more extreme form of re-
productive competition is the killing of
young birds by recent immigrants to
the group. Among animals that live in
groups the Kkilling of young by recent
arrivals had been noted only in pri-
mates and mammalian carnivores such
as lions. It was first observed in the
New Mexico acorn woodpecker popu-
lation in 1981.

The killing of young birds generally
takes place in the spring or early sum-
mer when a woodpecker joins a group
with an active nest. A precondition for
the killing appears to be that the immi-
grant is the only mature bird of its sex in
the group, either because the previous
breeders of its sex have left or because
the immigrant has driven them away.
Once the new bird is accepted by the
group members of the opposite sex, it
immediately begins to visit the nest and
eventually destroys the eggs or Kkills the
nestlings. The bodies of the young birds
are removed from the nest and can be
eaten by all the group members.

There is controversy among evolu-
tionary biologists over whether the kill-
ing of young in a cooperative group
is always an adaptively advantageous
move. In the acorn woodpecker group,
however, the immigrant clearly benefits.
Since there is only one nest, a bird that
joins the group after the eggs are laid
cannot contribute its genes. If enough
time remains for the group to breed
again, an immigrant that kills the young
forces the group to breed and thereby
ensures that its genes are passed on.

Acorn woodpecker groups are com-
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EGG-TOSSING is a form of genetic competition between breeding
females in the acorn woodpecker group. The two females shown here
are sisters. Each bird lays one egg per day for about three to five days.
The periods of egg laying overlap but are not exactly synchronized.
Soon after one female (white) lays the first egg (1) her sister (color) re-
trieves the egg from the egg cavity (2, 3). Thesister puts the egg in a de-
pression on a nearby branch (4). She is joined by other group mem-
bers, often including the female that laid the egg; together they peck
open the egg and eat its contents (5). The destruction of the eggs is re-
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peated until the second female lays her first egg in the same cavity (6).
When that happens, she stops tossing her sister’s eggs and after both
females have laid eggs on several successive days (7) the eggs are in-
cubated by the group until they hatch (8). The female that does the
tossing ends up with more eggs in the clutch than her sister has. The
perpetrator that tosses the eggs in one year, however, could be the
one whose eggs are tossed the next year. Hence over the history of the
group the two females might contribute an approximately equal num-
ber of copies of their genes to the members of succeeding generations.
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plex units in which members cooper-
ate and compete to maximize their ge-
netic contributions to the next genera-
tion. Why the intricate group structure
evolved is not known with any precision.
Some of the environmental factors that
influence the group, however, are fairly
well understood, including the factors
that determine the status of the non-
breeding helpers.

Most group offspring remain in the
natal group as helpers because they are
ecologically constrained from leaving;
if the opportunity to leave arises, the
young birds generally disperse to form a
new group. The constraint on the help-
ers appears to be habitat saturation,
which means simply that there are no
empty territories suitable for occupa-
tion by new groups. Habitat saturation
does not imply that every square inch is
occupied by an established acorn wood-
pecker group. In any given area, how-
ever, the optimum habitats are contin-
uously occupied. Furthermore, in most
regions where acorn woodpeckers live
there is a shortage of marginal habitats
to be taken over by a new group made
up of birds that had not previously been
breeders. Since group offspring cannot
breed independently, they might benefit
from remaining in their parents’ territo-
ry and helping to raise the offspring of
their genetic relatives.

Several lines of evidence support the
conclusion that habitat saturation
has a significant role in keeping young
acorn woodpeckers in their natal group.
One striking item of evidence is the dra-
matic power struggle that takes place
over reproductive vacancies. Frequent-
ly sets of siblings from groups sever-
al miles apart converge on a territory
where there is a vacancy; the birds fight
for the right to remain. Such strug-
gles, which can engage as many as 50
birds and can last for several days, con-
sists of uninterrupted chasing and ter-
ritorial displays.

The winners in the struggle fill the
vacancy and the losers return to their
parental group. The ecological signifi-
cance of these chaotic struggles is that
nonbreeding helpers are willing to fight
intensely for the opportunity to leave
the natal group and breed on their own.
Such struggles are logical only if good
habitats are at such a premium that the
young are constrained from leaving the
parental group.

The lack of marginal territories suit-
able for colonization by newly formed
groups is apparently due to the fact that
the woodpecker relies heavily on the
granary tree. The granary is the result
of work done by generations of wood-
peckers, with each bird drilling a few
holes per year. A threshhold of from
several hundred to a thousand storage
holes must be reached before a territo-
ry can be permanently occupied. When

enough holes have been drilled, the ter-
ritory can be occupied continuously un-
til the granary tree falls. Individual birds
cannot create a new granary in a short
period, and therefore they cannot dis-
perse into a new area unless it already
has a granary tree. Marginal habitats are
scarce because all mature granaries are
in occupied territories.

Several other workers, including Jer-
ram Brown of the State University of
New York at Albany and Stephen T.
Emlen of Cornell University, have sug-
gested that ecological constraints are
one of the main causes of cooperative
breeding in birds. The study of the acorn
woodpecker in several different regions
has made it possible to carry out the first
quantitative test of that hypothesis. The
level of habitat saturation can be meas-
ured according to the number of territo-
ries that become vacant over the winter,
which is the time young birds attempt to
leave the natal group.

At the Hastings reservation most
groups can store enough mast to last
through the winter and hence most ter-
ritories are occupied continuously. In
Water Canyon, however, the yield of
acorns or other nuts is more variable;
many groups exhaust the stored food
and abandon their territory. The vacant
territory is then available for coloniza-
tion. As is predicted by the habitat-satu-
ration hypothesis, fewer young birds re-
main in their original group for a year or
more at Water Canyon than remain at
the Hastings reservation.

Additional evidence that habitat sat-
uration and the construction of mast-
storage facilities are among the causes
of cooperative breeding in the acorn
woodpecker group comes from a study
done in southeastern Arizona by one of
us (Stacey) in collaboration with Carl E.
Bock of the University of Colorado at
Boulder. In this area the annual acorn
yield is sparse and variable; there are
few years when the woodpeckers can
store enough mast to support the group
over the winter. As a result groups do
not construct granaries.

Instead acorns are gathered and stored
in natural cracks and holes in the
bark of trees. The capacity of the stor-
age system is small, and the mast is gen-
erally exhausted in the fall soon after
the oaks stop producing acorns. When
the food store is used up, the birds leave
their territory and migrate to Mexico
for the winter. In the spring many of the
same birds return and establish new
breeding territories. Because of the an-
nual migration most of the breeding
habitat is unoccupied in the winter and
therefore much territory is available for
colonization in the spring.

The absence of permanent territories
has a profound effect on the birds’ re-
productive behavior. In contrast to the
young birds in California (Hastings res-

© 1984 SCIENTIFIC AMERICAN, INC

ADULTS

JUVENILES MS MM MM

FIRST DEMONSTRATION of multiple pa-
ternity in an avian communal breeder was ob-
tained for the acorn woodpecker by the au-
thors and their co-workers. The paternity re-
lations in a group at Water Canyon, N.Mex.,
are shown. The letters S and M stand for slow
band and medium band. Each letter desig-
nates an allele, or variant of a gene, for a blood
enzyme. Each pair of alleles was identified
by gel electrophoresis, in which enzymes can
be separated according to their mobility in a
gel. Female No. 2 was a nonbreeding helper.

ervation) and New Mexico (Water Can-
yon), young birds in southeastern Arizo-
na leave their natal territory in the fall
and do not migrate to Mexico as part of
a family group. In the spring the adults
and yearlings return to Arizona individ-
ually and often breed in a new territo-
ry with a new partner every year. Even
more striking is the fact that in Arizo-
na the migratory acorn woodpeckers do
not breed cooperatively. There are no
nonbreeding helpers and mating is in
isolated pairs.

From the work done on the acorn
woodpecker in the past decade have
come new perceptions of the ecology
and social organization of cooperative
breeders. Such studies have given a de-
tailed picture of the birds’ reproduc-
tive behavior and their mating system.
Above all, the work has illuminated
how intricate the relations are among
members of an avian social group.

Biological evolution favors individu-
als that consistently maximize their ge-
netic contribution to the next genera-
tion relative to the contribution of oth-
er breeders. Yet the strategies by which
the genetic contribution is increased are
not simple. The strategies adopted by
the acorn woodpecker range from the
straightforward genetic competition en-
tailed in destroying a sister’s eggs or
killing the young of other group mem-
bers to the apparently self-denying be-
havior of mate-sharing or acting as a
nonbreeding helper. Further work on
this unusual bird will undoubtedly re-
veal other unexpected means whereby
a woodpecker in a social group can in-
crease its reproductive advantage and
hence its evolutionary fitness.
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Deep think on dominoes falling in a row

and leaning out from the edge of a table

by Jearl Walker

B.C., offers a remarkable variant

on a row of falling dominoes. In-
stead of having dominoes all the same
size he has each domino 1.5 times larg-
er than the preceding one. In a row of
13 dominoes a tap on the first domino,
which is tiny, soon brings down the last,
which is 64 times larger. If Whitehead
had been able to continue scaling up
the dominoes in the same way, the 32nd
domino would have been as big as one
of the twin towers of the World Trade
Center in New York.

I began looking into how dominoes in
arow fall using arow of 50regular dom-
inoes. At a separation of one domino
width the chain reaction took two sec-
onds. With about half that separation
the reaction took half as long. I could
hear the difference in the timing of the
collisions in the two trials. The timing
also changed noticeably after the chain
reaction had passed the first five or six
dominoes, presumably because in the
early stages only a few dominoes were
moving, whereas later more were fall-
ing at any one time.

lorne A. Whitehead of Vancouver,
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By freezing the action with a snapshot
or a strobe light I could see the pattern
of the chain reaction. When the leading
domino of the moving subgroup is fall-
ing toward the next domino, which is
still stationary, the leading domino has
the preceding domino leaning against it.
Several other dominoes in the moving
group are also leaning and falling. In a
theoretical analysis of the chain reac-
tion D. E. Shaw of Villanova Universi-
ty found that at any one time about five
dominoes are in motion.

I next examined how the chain re-
action ascends and descends a smooth
ramp. The incline must of course be a
shallow one or it will not be possible to
stand the dominoes on end. When the
chain reaction traveled up a properly
inclined ramp, the dominoes had to be
spaced farther apart than dominoes in
a level chain. A chain reaction going
down the ramp was much faster and
succeeded with any spacing less than the
height of a single domino. The chain re-
action could also be made to climb a
small flight of shallow stairs, but the re-
action was quite slow.

A chain of falling dominoes
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A chain of dominoes can also be made
to split into two chains. At the junction
the last domino of the original chain
falls against the first dominoes in the
new chains. A chainreaction can also be
made to turn, indicating that it is not
necessary for one domino to hit the next
one squarely.

To understand the physics of dom-
ino toppling I considered a conventional
domino of height #, width wand depth d.
What factors are responsible for the sta-
bility of the upright domino? If [ am to
topple it, how hard must I strike one of
its broad faces in order to rotate it about
an edge? Why are deeper (thicker) dom-
inoes harder to topple? Why cannot a
line of cubes (such as a child’s blocks) be
toppled in a chain reaction?

Consider an upright domino. Gravity
pulls downward on every small volume
of it. A simpler way of looking at the
situation is through the concept of the
center of mass, which is at the geomet-
ric center of the domino. The total pull
of gravity (the weight of the domino) is
said to operate there. The upright dom-
ino is stable because its weight vector
points toward the support region.

In principle I can put the domino in
another stable arrangement by tilting it
on one of its bottom edges until the cen-
ter of mass is over that edge. Although
the weight vector again points toward
the support region, the balance is pre-
carious because even a small force de-
stroys it, toppling the domino. To knock
over a domino I strike it so that it is tilted
completely through its position of pre-
carious stability. (I make the assumption
that the friction from the table is large
enough to keep the domino from slip-
ping. Could a chain reaction take place
on a frictionless table?)

As the domino tilts it embodies two
forms of energy. The kinetic energy de-
pends on the speed of tilting. The poten-
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tial energy has to do with the height
of the center of mass above the table.
When I strike the domino, I impart ki-
netic energy, but as the center of mass
rises the energy is converted into po-
tential energy. What is the minimum
amount of energy I could impart to the
domino so that it just barely passes
through the position of precarious sta-
bility? Initially the center of mass is at a
height //2 above the table. When it is at
its highest point during the rotation, it is
a distance r from the table (the distance
between the center of the domino and
one of the domino’s bottom edges).

If the domino has a mass m, it has a
weight mg (g representing the accelera-
tion of gravity). The potential energy
of the domino at any instant during ro-
tation is the product of the domino’s
weight and the height of the center of
mass above the table. Hence to lift the
center of mass from a height /#/2 to a
height » I must provide the domino with
an energy of mg(r — h/2). If my blow
delivers less energy, the domino cannot
pass through the position of precarious
stability and will fall back to its original

orientation. If I deliver more energy, the
domino falls over.

The key to the instability of an upright
domino lies in its shallow depth. Consid-
er a domino of fixed height and width. If
the domino is narrow, » and the weight
are low. Only a little energy is needed to
lift the center of mass through the posi-
tion of-precarious stability. A light tap
of the finger is enough. If the domino is
wider, all the other factors (r, the weight
and the energy needed to lift the center
of mass) are larger. A tap of the fin-
ger does not provide enough energy and
does not topple a thick domino.

The rotation of a domino is caused by
a torque that is the product of a force
and a lever arm. A blow against the
domino creates such a torque. The sec-
ond illustration from the top on page
127 demonstrates how to determine the
lever arm. Extend the vector represent-
ing the force. Draw a line from the rota-
tion edge to intersect perpendicularly
the extension of the vector. This line is
the lever arm. In order to deliver a large
torque that will make the domino rotate
rapidly you should hit high on the face

Lorne A. Whitehead's variation with scaled-up dominoes
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of the domino to have the benefit of a
large lever arm.

As the domino rotates, its weight vec-
tor creates another torque that attempts
to return the domino to its initial orien-
tation. To find the lever arm for this
torque extend the vector representing
the weight. Draw a line from the rota-
tion edge to the extension of the vector,
intersecting the vector extension per-
pendicularly. This line is the lever arm
associated with the weight of the dom-
ino. As the domino rotates upward the
lever arm is shortened, decreasing the
torque imparted by the weight.

In the illustration the torque from the
striking force acts to generate a clock-
wise rotation of the domino, whereas
the torque from the weight acts in the
opposite direction. Since the striking
force is brief, its torque is also brief.
During the ensuing rotation the only
torque on the domino is from its weight.
If you are to topple the domino, the
torque you apply must provide enough
rotation to prevent the weight’s torque
from stopping the movement before the
center of mass passes through the posi-
tion of precarious stability.

A tap of a finger on a child’s block
is unlikely to topple it. Since the block
is deep, the initial lever arm for the
weight's torque is large. Moreover, the
block weighs considerably more than a
domino of the same width and height.
For these reasons the torque from the
weight easily overpowers the torque
from the striking force.

I then examined the matter of knock-
ing over a domino so that it would col-
lide with a second one. Obviously the
distance between the dominoes must be
less than their height or they will not
collide. Is there a minimum spacing? If
you strike the first domino vigorously
enough. the second domino is bound to
fall as long as the separation is less than
the height of one domino. Suppose your
blow barely pushes the first domino
through its position of precarious stabil-
ity. The second domino will fall only if it
is beyond a certain distance (call it the
least distance) from the first one.

I did experiments with dominoes of
two sizes. One set consisted of standard
plastic dominoes 4.4 centimeters high,
2.2 centimeters wide and .7 centimeter
deep. The other sct consisted of large
wood dominoes 13.9 centimeters high,
seven centimeters wide and 1.9 centime-
ters decp. The width of a dominoe doces
not matter except as it contributes to
the weight. The ratio of height to depth,
which does matter. was about the same
for the two sets.

I taped a shectof fine-grain sandpaper
to a table and taped a ruler to the sand-
paper. The sandpaper provided enough
friction to keep a domino from slipping.
Along the edge of the ruler I stood two
of the smaller dominoes upright. Leav-
ing the position of the second dom-
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ino unchanged, I varied the distance be-
tween the two by moving the first one.
In each trial I released the first domino
from its position of precarious stability
with essentially no kinetic energy. To
put the domino into that orientation the
separation between the dominoes had to
be at least .7 centimeter. To make the
first domino knock over the second the
separation had to be at least 1.2 centime-
ters. At separations between .7 centime-
ter and 1.2 centimeters the first domino
ended up simply leaning against the sec-
ond, which remained upright.

The results with the larger dominoes
were similar. To release the first of two
dominoes in its position of precarious
stability the separation had to be at least
1.9 centimeters. To topple the second
domino the separation had to be at least
2.3 centimeters.

The least distance is determined by
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A detail of the chain reaction

energy. To topple the second domino
the collision must impart enough energy
to lift the domino’s center of mass
through the position of precarious sta-
bility. This crucial amount of energy is
mg(r — h/2). Assume an ideal collision,
in which at the instant of collision all
the kinetic energy of the first domino is
transferred to the second. How far must
the first domino fall from its highest
point in order to impart enough energy
to the second domino to topple it? The
first domino must fall just as far as the
center of mass of the second domino
must rise. Thus it must fall by a height
of (r — h/2).

Assuming a complete transfer of en-
ergy in the collision, this requirement
sets the value of the least distance be-
tween the dominoes. When the spacing
is too small, the first domino cannot fall
far enough to provide the necessary en-
ergy. In such cases the second domino
rotates slightly but then rocks back to its
initial orientation.

How does the value of the minimum
distance determine the success of a
chain reaction in a row of dominoes?
Suppose the spacing in the row is so
close that the first domino cannot be put
into its position of precarious stability
before it hits the next domino. The ini-
tial blow must be quite vigorous, since
in essence it must make the entire chain
lean as one.

If the dominoes are farther apart but
still are separated by less than the least
distance, a sound blow on the first dom-
ino is needed to give it enough kinet-
ic energy after it has passed through its
position of precarious stability. The ad-
ditional energy is required because the
domino will not be able to fall far before
it collides with the next one. The second
domino topples not because of the en-
ergy in the fall of the first one but be-
cause of the extra energy in the original
striking force.

The least distance is important when
the first domino has just enough energy
to pass through its position of precari-
ous stability. Then the second domino
must be beyond the least distance so that
the first one can fall far enough. Only
with such a fall can enough energy be
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delivered to the second domino to top-
ple it. A weak blow on the first dom-
ino can initiate a chain reaction when
the dominoes are separated by more
than the least distance and less than the
height of a domino. If the separation is
less than the least distance, the initial
blow must deliver substantially more
energy to the first domino to create a
chain reaction.

With my home computer I estimat-
ed the values of the least distance for
dominoes of various shapes. I assumed
that the collision completely transferred
the Kinetic energy of one domino to the
next. I also assumed that afterward the
lean of the first domino helped to push
the second one through the position of
precarious stability. To find the least
distance I had the first domino pass
through its position of precarious sta-
bility with no kinetic energy. To impart
enough energy to the second domino the
center of mass of the first has to fall to a
height of A/2.

My estimate of the least distance for
my small dominoes was .7 centimeter
and for the larger ones 1.9 centimeters.
These estimates were below my experi-
mental results of 1.2 and 2.3 mainly be-
cause my calculations assumed a per-
fect transfer of kinetic energy in the col-
lisions. In a real chain reaction some of
the energy is lost to vibration of the
dominoes and to friction as they touch
each other. When I lubricated the faces
of the dominoes, the experimental re-
sults decreased only slightly, implying
that vibration contributes more than
friction to the loss of energy.

I glued some of the smaller dominoes
together to make new dominoes two or
three times deeper than the originals.
Repeating my experiments, I found that
the doubly deep dominoes required a
least distance of separation of 2.2 centi-
meters. (My computer estimate was 1.5
centimeters; energy losses in the real
collisions again accounted for the differ-
ence.) The triply deep dominoes almost
toppled one against the next, but friction
held them at the last instant, leaving
them at a tilt.

My calculations showed that the nec-
essary least distance in spacing increases



as the depth of the dominoes increases.
The reason is that each domino must fall
farther in order to gain enough kinetic
energy to topple the next one. When the
required least distance is almost equal to
the height of a domino, the energy trans-
fer is inefficient and the chain reaction
stops. A line of cube blocks cannot top-
ple in a chain reaction because the re-
quired least distance exceeds the height
of the blocks.

Next I returned to some of my earlier
demonstrations. Normally a chain reac-
tion of dominoes is initiated with a vig-
orous rap on the first domino. Each
domino in the chain passes through
its position of precarious stability with
more than enough energy. Hence even
when the dominoes are spaced closely
and have little chance to fall, the colli-
sions move them safely through their
position of precarious stability. The ki-
netic energy in the wave is large enough
for the wave to split at a junction and
then travel along two chains.

A chain reaction can be set off on a
ramp provided the ramp is not too steep.
The weight vector must point toward
the lower face of the domino. You will
also find that the dominoes must be sep-
arated more than they need to be on a
level surface.

Consider the second domino in the
chain. Since the ramp slants, the center
of mass must be raised quite far in order
to pass through the position of precari-
ous stability. Thus the domino is slower
to topple than one on a level surface.
Toppling requires more energy. A dom-
ino must fall a substantial distance for
there to be a significant transfer .of en-
ergy when it strikes the next domino.
Therefore the least separation between
dominoes is large and the chain reaction
moves slowly.

A chain reaction moves faster down
a ramp. Each domino needs only a
small amount of energy in order to pass
through its position of precarious stabil-
ity. The least separation is essentially
zero. Moreover, each domino does not
have to fall far to topple the next one,
so that the time from one toppling to
the next is quite brief.

The dominoes on a staircase topple
slowly. Since each domino strikes the
next one low on a broad face, the lever
arm for the collision is small, providing
a small torque. The transfer of energy
is also inefficient. The struck domino
rises slowly through its position of pre-
carious stability, keeping the speed of
the reaction low.

Whitehead’s demonstration of con-
secutively scaled-up dominoes is stun-
ning. The first domino is so small that I
can hardly stand it upright. The last one
(the 13th) is so heavy that I have diffi-
culty lifting it into place. Yet the chain
reaction initiated with the tiny domino
easily drops the heavy one.

Since each domino.is 1.5 times larger
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in every dimension than the preceding
one, the last is not only 64 times larger
than the first but also 262,144 times
heavier. With a center of mass 64 times
higher than that of the first domino its
potential energy is almost 17 million
times greater. A slight nudge on the first
domino gives it about .024 microjoule
of kinetic energy. The kinetic energy of
the last domino as it completes its fall is
about 51 joules, which is two billion
times the amount imparted to the first
domino.

Whitehead made his dominoes out of
acrylic sheets, sandblasting them to
make them smoother. He laminated
several thin sheets to make the larger
dominoes. When he lines up the group
of 13 dominoes for a chain reaction,
each domino is separated from the next-
larger one by about its own width.

Could a chain of dominoes be de-
signed with a scale factor larger than
1.5? Assuming an ideal transfer of ener-
gy in the collisions, I think a scale factor
of about 2.5 is the limit for dominoes
shaped like Whitehead’s. Larger scaling
factors are possible if the ratio of height
to depth is increased. You might like to
experiment with this problem.

Here is a puzzle. The object is to stack
dominoes at the edge of a table so that
the stack leans out from the edge as far
as it can without falling to the floor.
Each domino is positioned with a broad
face down and its long dimension at
right angles to the edge of the table.
How should the dominoes be laid so that
the top one is displaced from the table’s
edge by the maximum amount? What is
the smallest number of dominoes need-
ed to make the top domino complete-
ly clear the edge of the table? Is there
a limit to how far the stack can extend
from the table?

A problem of this kind was posed in
1955 by Paul B. Johnson. His solution
was later simplified by Leonard Eisner,
who also applied it in a prank. One night
Eisner and another graduate student
constructed a leaning stack of a library’s
volumes of The Physical Review, leaving
the disconcerting overhang as a surprise
for the librarian. (They were presum-
ably too young to have learned that if
you need help from librarians, or even
if you want to avoid being fired from
the university, you had better not fool
around with the library volumes.)

Consider the first domino put down. It
is stable as long as its center of mass is
over the table so that the weight vector
cannot supply a torque. Its maximum
stable overhang is achieved when its
center of mass lies almost over the edge.

Now you put a second domino under
the first. The outer edge of the lower
domino acts in place of the edge of the
table to keep the top domino from rotat-
ing. How should this pair be placed on
the table? The combined center of mass
of the pair, which lies midway between
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How to make one of three dominoes clear the edge of a table

the centers of the dominoes, must be
placed over the table’s edge to achieve
the maximum stable overhang. No com-
putation is needed. A few trials will re-
veal the proper balance.

When a third domino is put under the
first two, the combined center of mass of
the three dominoes must be above the
edge of the table. This procedure can
continue indefinitely. With a stack of »
dominoes the distance between the edge
of the table and the outer edge of the top
domino is given by the series (4/2)
(1+1/2+1/3+1/4...1/n), where h
is the long dimension of a domino and
the expression in the second set of pa-
rentheses is the harmonic series.

I programmed my computer to sum
the expression to any wanted number of
dominoes. At least four dominoes are
required if the overhang is to exceed 4,
making the top domino fully clear the
table. To have the top domino clear
the table by two domino lengths you
must stack 31 dominoes. Thereafter the
number goes up rapidly. You will need
12,367 dominoes to make the top domi-
no clear the table by five domino lengths
and 1.5 X 1044 to make it clear by 50
domino lengths.

Evaluating the expression for the
maximum overhang is simple enough
for a computer until about a million
dominoes are being considered. A com-
puter’s normal accuracy (called single
precision) is usually limited to seven sig-
nificant figures; six figures are printed
out after the computer has rounded off
the calculation. To continue the over-
hang expression past one million domi-
noes leads to error unless the program
calls for double precision (usually an ac-
curacy of 14 significant figures, with 13
figures printed out after rounding off).
Computation with a large number of
dominoes at double precision is slow.
Even with this precision the comput-
er’s arithmetic functions may yield only
approximate results.

Steve Wallin of Laramie, Wyo., has
shown me a fast technique for approxi-
mating the overhang expression. It em-

© 1984 SCIENTIFIC AMERICAN, INC

ploys as a benchmark the 1,674 domi-
noes needed for an overhang of four
domino lengths. The number of domi-
noes needed for a given overhang (ex-
pressed in domino lengths) is equal to
1,674 multiplied by the exponential of
twice the difference between the wanted
overhang and four lengths. For exam-
ple, if your objective is an overhang of
10 domino lengths, subtract 4 from 10,
multiply by 2 and take an exponential
of the result. Finally multiply by 1,674.
The answer is the number of dominoes
you need.

Here is another puzzle. What is the
maximum amount by which a dom-
ino can be made to clear the edge of
the table when you are working with
only three dominoes? Two solutions are
shown in the illustration above. In the
first solution the center of mass of the
lower domino is just above the edge of
the table. The second domino is put on
the inner end of the first; the upper dom-
ino’s center of mass is just over the edge
of the lower domino. The third domino
is now put on the outer end of the first
domino. The combined center of mass
lies just above the edge of the table, so
that no torque is applied to the pile by
the weight.

A better solution is to rotate the first
domino so that a diagonal line running
between two of its corners is at right
angles to the edge of the table. The sec-
ond domino is balanced at a corner
distant from the table’s edge. The third
domino is balanced with its center of
mass over the opposite corner. Again
the combined center of mass lies at
the edge of the table, giving the assem-
bly stability. With this arrangement the
third domino is farther from the edge of
the table than the third domino in the
other arrangement because the diagonal
line across the domino is longer than a
domino length. You might try standing
the third domino on one of its narrow
side faces. The center of mass is in the
same relation to the table as before but
the nearest face of the domino is farther
from the edge of the table.
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Whether they're collaborating on com-
petitive strategies or accessing data
bases for valuable information, more
and more corporate managers are com-
municating with each other. With
networks, data bases and mail services
all over the country. And for thousands
of personal computer owners, we are
providing the communications link.

Hayes Smartmodem. Think of it as
your computer’s telephone. Just plug
Smartmodem into any phone jack, and
watch it send messages to and from
your computer. Over ordinary phone
lines, and without using the telephone
receiver.

Operating with rotary, Touch-Tone®
and key-set systems, Smartmodem will
dial, answer, and disconnect calls.
Automatically.

Choose your speed; choose your
price. The lower-priced Smartmodem
300™ is ideal for inter-office communica-
tions and local data swaps, transmitting
at 300 bits per second. For longer dis-
tances and larger volumes, Smartmodem
1200™ communicates at speeds up to
four times faster.

Both are compatible with many com-
puters (any computer with an RS$232C
port), and a variety of communications
programs. However. if you have an
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IBM® Personal Computer, Hayes also pro-
vides the perfect companion software.

Smartcom II™ communications soft-
ware. For the IBM PC.

We've spent a lot of time developing it.
so you can spend less time using it.

Smartcom II makes quick work of the
communications process—reducing to
mere keystrokes what would take a
lengthy series of entries on other pro-
grams. Because Smartcom II is menu
driven, you simply respond to the
screen’s prompts. There are no compli-
cated procedures to learn or trouble-
some instructions to unravel. Success
comes swiftly. Simply!

And now, a com-
plete plug-in tele-
computing system
for the IBM PC. Smart-

modem 1200B™All the great features that

have made our freestanding Smart-
modem a hit. On one, con- g
venient plug-in board. And
packaged with its own soft-
ware. Smartcom II. Together,

Backed by the experience and repu-
tation of Hayes. Our record speaks for
itself. Five years of solid leadership in
the microcomputer industry. Nationwide
availability through retail computer
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stores. Trouble-free factory service and
callin assistance. A limited two-year

warranty on all hardware. And the
most efficient telecomputing system.
available. Anywhere.

To appreciate the capabilities of Hayes
Smartmodem and Smartcom 11 fully,
see your dealer for a demonstration.
Then get beyond “desktop” computing.
Get a telephone for your computer.

Hayes Microcomputer Products, Inc:
5923 Peachtree Industrial Boulevard,
Norcross, Georgia 30092.

404/441-1617.

"l

Smartmodem 300. Smartmodem 1200. Smartmodem 1200B and
Smartcom I are trademarks of Hayes Microcomputer Products. Inc
Telemail Electronic Mail Service is a service mark of GTE Telenet
Communications Corp. TeleSoft is a trademark of TeleSoft. Inc
TouchTone is a registered service mark of American Telephone and
Telegraph. IBM is a registered trad k of ional Business
Machines. Corp. ©1983 Hayes Microcomputer Products. Inc




In a new technique developed by Hitachi researchers,
crystals are excited by light from an alkali vapor lamp to produce
a highly efficient “optically pumped" laser.
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LHSER

Almost a quarter of a century ago, Hitachi
researchers began exploring how an exciting
new form of light could be made to serve busi-
ness and industry. The complex concept: Light
Amplification by Stimulated Emission of Radia-
tion. The legacy: “Laser,” a beam with the
ability to concentrate one million kilowatts of
power in a single pulse.

Light that cuts, cures and communicates

Today, the results of Hitachi research are in
use all around you. Laser diodes that can send
your phone calls and business data across the
country through hair-thin optical fiber. Laser
memory systems capable of storing up to 40,000
pages of text on a single 12" disk. Laser-beam
printers that can turn out a complete business
etter in just 5 seconds. Digital-audio pickup
Jevices for utterly distortion-free sound.

Our physicists have made significant
mprovements in laser technology. They have
shrunk the size of the transmitter and increased
output, accuracy and control. And they are
axperimenting with new materials capable of
Anleashing even greater potential.

In fact, we are constantly coming up with
1ew methods of applying laser technology to

products. One of the latest: A unique structure
that boosts lasing power to the highest level ever
obtained by a visible-light semiconductor laser.
These examples demonstrate a few of
the ways in which Hitachi is improving upon
basic technology. Then using it to create prac-
tical tools that meet your needs...and those
of professionals in medicine, aerospace, and
virtually every other field you can name.

The best of worlds is yet to come

Our vision of the future includes laser tele-
communications networks that span the globe.
Undersea tunneling and mining with laser exca-
vating equipment. Satellite relay systems to
carry transoceanic laser broadcast signals.
And much, much more.

We'd like you to share in the benefits of
our scientific research, covering the next gener-
ation of sensors, robots and other electronic
devices. For improved business efficiency.

For a higher quality of life. Two goals we've
pursued for 74 years as part of our commit-
ment to a better world through electronics.

WE BELIEVE LASERS ARE THE KEY TO PRECISION AND POWER

@ HITACHI
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One drive is worth

a thousand words.

Thunderbird

Have you driven a Ford...
lately? e
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