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Falling antimatter could overturn physics.

Can antibodies serve as made-to-order catalysts?
Beyond gigascale integration: the quantum semiconductor device?

Renoir’s Seated Bather would probably have been fertile:
a critical ratio of fat to lean mass is important to fecundity.
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Don't drink and drive.

Join the American

GO" In America, there is a society of Their natural habitat is a Volkswagen.

drivers who take joy in the knowl- like the Golf. Over the last three

edge that their cars can do what cars do years, the best-sellingnameplatein Europe.

on the German Autobahn. The American Autobahn society likes it
Go quickly, confidently and so comfort- for its power, quick reflexes and substan-

ably, the last kilometer of a journey ends tial interior space.

up being as enjoyable as the first. The Golf comes with a lively 1.8-liter

Sales claim based on manufacturers’ reported retail deliveries for 1985, 1986, and 1987 through August.
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©1987 Volkswagen | Seatbelts save lives.

Autobahn society.

overhead cam engine. With 17% more down, it holds 39.6 cubic feet of cargo.
power than before. Thanks to our new To join the American Autobahn society
Digifant fuel-injection system. |ust sfop by your local chapter. Your

Volkswagen dealer.

, ) German engineering.
~ ’ The Volkswagen way.

For crisp handling
fort, the Golf has our highly refined
4-wheel independent suspension.

It seats five nicely. With the back seat
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The Nonacoustic Detection of Submarines
Tom Stefanick

The best insurance against nuclear attack is the nuclear submarine
armed with ballistic missiles. Virtually undetectable, such a vessel can
ride out a first strike and unleash devastation on the attacker. Are there
advances in physics or new technologies that can render the oceans
transparent and the deterrent vulnerable?

Gravity and Antimatter
Terry Goldman, Richard J. Hughes and Michael Martin Nieto

Would an antiapple fall to the ground at the same rate as an apple?
General relativity and quantum mechanics suggest a positive answer, but
there is a crack in the voice of apparent affirmation: the two theories
have never been reconciled. Indeed, attempts to do so suggest that in the
sway of gravity, matter and antimatter are not the same.

Catalytic Antibodies
Richard A. Lerner and Alfonso Tramontano

Like the proverbial matchmaker, enzymes help reactions to happen
faster by bringing the reactants together under favorable circumstances.
Unfortunately nature has supplied only a limited repertoire of these
molecules. Now there is genuine promise that their number can be
extended by antibodies designed to act as catalysts.

Construction Cranes
Lawrence K. Shapiro and Howard I. Shapiro

They are essential tools of the building trade and can be found in a wide
variety of forms wherever high-rise structures climb toward the sky.
Selecting the right crane for the job is critical for reasons both of
economy and of safety, and at a crowded urban site the choice can
sometimes present a formidable engineering challenge.

How the Leopard Gets Its Spots
James D. Murray

An interplay between the number and variety of pigment cells in an
embryo and the size of the embryo is a factor; additional factors are
mathematical rules like those that govern the vibration of a violin string
or the surface of a steel drum. Such resonances, interacting with size and
shape, determine whether spots, stripes or other patterns form.
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Fatness and Fertility
Rose E. Frisch

If its figurines are an indication, Paleolithic society favored fullness of
figure in women, as did Rubens and Renoir. There is biological sense in
such a standard of beauty. A woman must store a threshold, or minimum,
amount of body fat in order to be able to reproduce; gaining or losing
just a few pounds can make all the difference.

The Quantum-Effect Device: Tomorrow’s Transistor?
Robert T. Bate

There are limits on the size and number of circuit elements that can be
packed on a computer chip. One is the wave behavior of electrons, which
can interfere with performance in the smallest of devices. Physicists are
now turning that behavior to their advantage in a new kind of
component that depends on electron waves for its operation.

The Roman Port of Cosa
Anna Marguerite McCann

Two decades of interdisciplinary archaeology have produced a portrait of
the economy, society and technology of a Mediterranean Roman port.
Concrete piers, fish farming and processing, amphora manufacture and a
freshwater-distribution system supported a bustling population

dominated by a single entrepreneurial family, the Sestii.
DEPARTMENTS
6 Letters 110 The Amateur Scientist

12 The Authors

50 and 100 114
Years Ago

1888: A great tower is being
built in Paris for next year’s
International Exhibition.

Computer
Recreations

How to model molecular
collisions, diffusion and
even a nuclear explosion.

118 Books

17 Science and the Citizen 122 Bibliography

© 1988 SCIENTIFIC AMERICAN, INC



THE COVER image, a detail of Au-
guste Renoir’s Seated Bather Drying
Her Leg, is in the tradition of art that
links fatness with feminine beauty, a
connection that turns out to make
some biological sense (see “Fatness
and Fertility,” by Rose E. Frisch, page
88). Women must store a reasonable
amount of body fat to be capable of
reproducing. The fat apparently has a
regulatory role and is important to
the onset and the maintenance of
normal menstrual cycles.
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Introducing TWA’s Quality Control Team.

Since many of our best ideas about improving
service have come from our passengers, we
thought, why not take this process a step further?

TWA's Quality Control Team is really a group
of 30 “professional” passengers. Their job is to fly
TWA, and report directly to the Chairman what
they liked, and what they didn't like. They have a
checklist of over 100 service items to go through,
analyzing everything from the temperature of the
entree to the cleanliness of our aircraft.

Introducing TWA's
In-Flight Service Manager.
Recently, TWA has instituted an In-Flight
Service Manager on every flight who is respons-
ible for all aspects of TWA's in-flight service. You
have a question about a connection? They'll
answer it. You need special assistance?

tofly TWA.
DB O £

J,

-y &,

They'll take care of it. You've seen the movie three
times already? They'll find you a great magazine.
You get the idea.

The Chairman of TWA
Has Made Service Top Priority.

TWA has always recognized that good service
makes all the difference in air travel; so we're
determined to ensure that ours is the best in the
business. That's why the Chairman of TWA has
made service top priority. In fact, if you have any
constructive criticism, major gripe, or just lavish
praise, he'd like to know about it.

You can write him at TWA, 605 Third Avenue,
New York, NY 10158.

TODAY'S TWA.
FIND OUT HOW GOOD WE REALLY ARE.
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HP-27S Scientific Calculator
for the technical manager

Both science and Business in one
unique calculator

* 6.7K bytes of available RAM

* Over 250 functions

© Logs, exponentials, trig, hyperbolics
* Permutations, combinations, factorials
* Conversions for angles, hours

¢ Coordinate transformations

@il ° Binary math and conversions

l * Mean, standard deviation

* Number lists; edit, sort, store
 Forecasting, curve fitting

e Time value of money; percent change

 Present value, future value

* Amortization and table printout

* Algebraic operating logic

e HP Solve (for solving custom formulas without
programming)

¢ 10 appointments and alarms, clock/calendar

* On screen menus

e 2 line X 22 character display

Mfr. Sugg. Ret. $110 s77

New Business Calculators

Mfr. Sugg. Ret. $235

HP-17B HP-19B

o All HP-12C key * All key features of the
features HP-12C and 178

* 6500 bytes available | e 6500 bytes available
RAM RAM

* HP Solve * Business graphics

e 2line X 22 character | o Text/data base

LCD display applications

* Over 250 functions ® 4 lines X 23

character LCD display
* Over 450 functions

Mfr. Sugg.

retsirs. S121

Infra-red printer and solution books available
for all 4 new calculators

Mfr. Sugg.
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$77
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LETTERS

To the Editors:

If I had known that the topic of Jan-
uary’s “The Amateur Scientist” was
to be subjective contours, I would
have included the following observa-
tion in my article, “Art, Illusion and
the Visual System,” in the same is-
sue. David Hubel and I have done
some experiments indicating that the
experience of illusory borders is not
cognitive. We made Kanizsa figures
(figures that produce the impression
of borders where there are none) in
two colors instead of in black and
white. We found that when the two
colors are equiluminant, or of the
same brightness, the illusory borders
vanish, even though the nonillusory
parts of the figures are still perfectly
clear. Hence if the three shapes be-
low are blue on a green background,
you do not see any triangle when the
colors are equiluminant.

That is, at equiluminance you see
quite distinctly three circles with
wedges cut out, but you have no im-
pression of a triangle lying in front of
the circles. The level in the visual
system where illusory borders are
generated cannot be so high as to
be considered “cognitive,” because
your conscious impression of the
nonillusory parts of the figure is no
different at equiluminance and non-
equiluminance.

We have interpreted this result as
meaning that of the two major sub-
divisions of the human visual sys-
tem, called “magno” and “parvo” be-
cause of the difference in the size
of their cells, only the color-blind
magno system tends to link colinear
borders. This linking ability ordinari-
ly functions in determining which
bordersin a scene belong to the same
object, even when the borders are
interrupted; illusory borders are
simply a manifestation of this func-
tion. At nonequiluminance—for ex-
ample, when the shapes are black on
a white background—both visual-
system subdivisions ‘see” the in-
complete circles, but it is only the
magno system that links the wedges
together and signals the illusory fig-
ure. At equiluminance only the color-

© 1988 SCIENTIFIC AMERICAN, INC

sensitive parvo system can still see
the shapes; the figure as a whole is in-
visible to the color-blind magno sys-
tem, and so it does not generate illu-
sory borders.

MARGARET S. LIVINGSTONE

Harvard Medical School
Boston, Mass.

To the Editors:

“Modeling Tidal Power,” by David
A. Greenberg [SCIENTIFIC AMERICAN,
November, 1987], will revive interest,
which for some of us has never died,
in power from the Bay of Fundy.
A major barrier on a tidal estuary
would undoubtedly have ecological
effects, some of them unfavorable. If
these effects are compared with the
effects of alternative, reasonably eco-
nomical means of producing a large
amount of energy, however, the ecol-
ogy of tidal power shines brightly.

The environmental effect that ap-
pears most likely to raise opposi-
tion—and cost—is an increase of 15
centimeters in the maximum tidal
level at Boston. This is a serious prob-
lem, but it would arise only at times
when, if the tidal barrier did not ex-
ist, the tides would be within 15 cen-
timeters of historical flood levels.
Such tides might occur as seldom as
two or three days a year. The ques-
tion I should like to raise is whether
the natural state could be restored
on those days simply by leaving
the sluices in the barrier open. This
would sacrifice generation of power,
but the loss might amount to no more
than 1 percent of the annual output.

Could an additional benefit of a tid-
al-power barrage in fact be regula-
tion of the tidal resonance in the Bay
of Fundy in order to reduce the disas-
ters that now occur in the Gulf of
Maine when high tides combine with
unfavorable winds? (One can well
imagine the lawsuits that could result
from real or fancied mismanagement
of this mighty engine!)

Another question arises concern-
ing the author’s statement that “two-
way generation...would yield more
power, but the greater complexity of
design would make the power more
expensive.” The question is whether
it would really be more expensive
than replacement energy from some
other source, not whether it would be
more expensive than energy from
ebb generation. When we speak of
the expense of alternative energy
sources, we should include such fac-
tors as acid rain and long-term secur-



ity of energy supply. (On the other
side of the coin, of course, is a tidal
barrier’s potential for displacing fish-
eries and bird sanctuaries.) It may be
that the extra energy available from
two-way generation would be a bar-
gain compared with viable alterna-
tives for the 21st century.

ROBERT S. SPROULE

Montreal, Canada

To the Editors:

Mr. Sproule touches on some inter-
esting aspects of the tidal-power in-
vestigation. Some consideration has
already been given to his points.

David De Wolfe of Discovery Con-
sultants Ltd. in Wolfeville, Nova Sco-
tia, has used the same tidal model de-
scribed in the article to see whether
operation of the barriers for a short
time, in different ways, could reduce
the resultant rise in high-water level.
Limited testing indicated that if the
sluices were operated specifically to
suppress the high water, the increase
from a tidal dam in Minas Basin could
be reduced to a few centimeters at
Boston, but not eliminated. Given
this result, it seems too much to hope
that barrier operation could lessen
the combined effects of storm surges
and high tides.

Even though two-way generation
could give more energy only in limit-
ed circumstances, the increased flex-
ibility of the energy supply it would
provide might render it attractive.
With two-way generation it is possi-
ble to even out the energy supply
and to some extent produce energy
on demand. For example, in winter
energy needs peak in the early morn-
ing owing to heating and lighting de-
mands; in summer they peak in the
afternoon owing to air-conditioning
loads. In the 12-hour period preced-
ing peak need the basin could be
drained or filled (depending on the
timing of the tidal cycle) so that ener-
gy production could be maximized
for these few hours of peak demand.
This energy at peak load would be
worth much more than the base-load
energy that would otherwise be pro-
duced. To the best of my knowledge
this flexibility has not yet been ful-
ly worked into existing calculations,
but it will be considered if feasibility
studies go much further. The model
does predict that the environmental
effects of one- and two-way genera-
tion would differ only slightly.

DAVID A. GREENBERG
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MARCH, 1938: “Life’s darkest, most
fascinating secrets are hidden in the
mysteries of enzymes—now known
to be huge and intricate molecules,
somehow able to dominate the un-
countable chemical activities with-
in living flesh. Only because of the
play of enzymes can we digest our
foods, or find chemical value in our
very breath. And the use of food and
oxygen in the multivaried events
of growth, movement and reproduc-
tion, and even sensation and our
thoughts—all is unlocked by these
really miraculous keys.”

“With an electronic beam for its
brush and a fluorescent screen for its
canvas, electricity can paint imag-
es of its own minutest variations, its
lightning-fast changes, and its most
complex moods. Devoid of the mov-
ing parts and inherent inertia of even
the most delicate meter, the cathode-
ray tube has become a new and star-
tling tool in the hands of scientists,
engineers, industrialists, and even
radio servicemen.”

“The single-use type of package is
being developed for a number of pur-
poses. Beer cans made a spectacular
entrée into the container field, once
a satisfactory lacquer was found to
keep the liquid from the metal. Paper,
pulp, and transparent-film containers
for liquids have had less success.”

“Carrots used to be short chubby
roots, far less attractive than the long
slim beauties seen in many markets
today. By careful breeding, a deep-
er orange color has been developed
and the core has been made more
tender or practically eliminated. The
modern carrot, if well grown, has as
little in common with the carrot of
the past as a modern streamlined car
has with a pre-war gas buggy.”

“Electrical science
may be said to have been established

MARCH, 1888:

8

upon a new basis socially in New
York City when, on Tuesday, January
31, the new headquarters of the Elec-
tric Club were formally opened. The
building, at No. 17 East 22d Street, is
lighted by electricity; for the princi-
pal apartments electroliers in brass
and silver bronze, and thickly hung
with strings of glass prisms and pen-
dants, are used. In the committee
room is the long-distance telephone,
with which communication can be
had with all connected cities. A ma-
chine for blacking boots, consisting
of a motor that rotates a flexible
shaft, to the end of which is attached
arotating brush, is kept ready for use
in the basement. A safe with an elec-
tric lock is used to hold the valuables
of the club, and an electric door open-
er for the main entrance is employed.
The hope is that the club will have
a true work to do in furthering the
progress of electrical science and its
rapidly increasing application to the
commercial interest of the world.”

“An exhibition of throwing the
boomerang was recently given by a
party of Australian natives at Mun-
ster, before some German scientific
men, who are endeavoring to discov-
er the cause of the boomerang’s curi-
ous flight.”

“The recent great snowstorm will
not have been without some good
results if it energizes the efforts
of those seeking to introduce some
hitherto obviously needed public im-
provements. Among such improve-
ments is that of putting underground
atleast a portion of the telegraph and
electric-light wires in all large cities,
and burying some of the telegraph
lines connecting the most important
commercial centers. It would be ludi-

crous, were it not too serious a mat-
ter, to think of telegraphic messages
being sent from Boston to New York
via London, as was necessary on
March 12 and 13.”

“The transmission from the cow to
man of scarlet fever and tuberculosis
was the subject of an address at Mar-
ischal College, Aberdeen, Scotland.
The subject deserves greater inves-
tigation, and certainly every effort
should be made to prevent distribu-
tion of milk from tuberculous cows.”

“The free use of onions for the ta-
ble has always been considered by
most people to be healthy and desir-
able, and but for their odor, which is
objectionable to many, they would
be found more generally on our din-
ing tables. For a cold on the chest
there is no better specific, for most
persons “than well-boiled or roasted
onions.”

“Fire Marshal Whitcomb, of Bos-
ton, has been recently experiment-
ing with rats and matches, shut up to-
getherin a cage, in order to ascertain
whether they were likely to cause
fires or not. The question may now
be considered as settled. The very
first night that Marshal Whitcomb’s
rats were left alone with the matches,
four fires were caused. The rats were
well fed, but they seemed to find
something in the phosphorus that
they liked.”

“The greatest activity now prevails
in Paris in respect to the preparation
of the buildings for the International
Exhibition of 1889, which promises to
be by far the most wonderful and in-
teresting industrial assemblage ever
brought together.”

Eiffel’s great tower rises for the upcoming International Exhibition
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BREAKTHROUGH:

QUICK COOL ALLOYS
SO THEY CAN TAKE THE HEAL.

Build a plane that can fly from the U.S. to the
Orient between lunch and tea? It can be done.
But to build it, new lightweight materials are
needed that can survive the heat of hypersonic
speeds.

Our solution: A metallurgical recipe using
molten titanium alloy and a special process in
which the hot liquid metal is solidified into
powder by extremely rapid cooling. After the
powder is processed into a solid and worked into
sheets, designers have a practical material for
hvlpmq get hypersonic flight off the ground.

We're creating breakthroughs that make a
difference in the way things work and the way
people live.

We're McDonnell Douglas.

For more information, write:
Orient Express, McDonnell Douglas,
Box 14526, St. Louis, MO 63178.

MCDONNELL DOUGLA

SPACECRAFT & MISSILES MILITARY & COMMERCIAL SHAFT HEALTHCARE SYSTEMS IMATION SYSTEM:

£ 1987 McDaonnell Douglas Corporation
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You are looking atan
automotive paradox.

A luxury sedan in
which performance and effi-
ciency actually occupy the
same place at the same time.

A sedan known as the
BMW 528e. Whose ingen-
jous high-torque eta engine
provides extraordinary re-
sponsiveness, yet whose
appetite for gasoline verges
on the miserly.*

A car whose handling
on the open

road will delight driving afi-
cionados, but whose ability
to navigate low-speed, stop-
and-go traffic without an
endless shifting of gears wil
prove equally exhilarating to
city drivers.

A car whose interior
architecture carries five
adults in orthopedically-de-
signed comfort. Yet whose
anti-lock braking system is
S0 advanced, it's been called
“the most

expensive and proven” sys-
term available.
In short, the BMW
H28e is a practical choice for
those seeking a thrilling
car. And a thrilling choice for
those seeking a practical car.
A paradox your local
authorized BMW dealer will

be most happy to re-
solve for you at your @

earliest convenience.
THE ULTIMATE DRIVING MACHINE:
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THE AUTHORS

TOM STEFANICK (“The Nonacous-
tic Detection of Submarines”) is an
American Association for the Ad-
vancement of Science fellow in Arms
Control and National Security at-
tached to the Armed Services Com-
mittee of the House of Representa-
tives. He obtained a master’s degree
in civil engineering from the Massa-
chusetts Institute of Technology in
1979, worked at the Institute for De-
fense and Disarmament Studies in
Brookline, Mass., and was a research
associate for naval policy at the Fed-
eration of American Scientists before
accepting the fellowship. In addition
to the detection of submarines, Stefa-
nick has studied U.S. and Soviet na-
val strategy and the budget and force
structure of the U.S. Navy.

TERRY GOLDMAN, RICHARD ]J.
HUGHES and MICHAEL MARTIN
NIETO (“Gravity and Antimatter”)
are theoretical physicists at the Los
Alamos National Laboratory. Gold-
man has a 1973 doctorate from Har-
vard University and did postdoctoral
work at the Stanford Linear Accelera-
tor Center and at Los Alamos. He was
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a senior research fellow at the Cali-
fornia Institute of Technology from
1978 to 1980, when he joined the staff
of Los Alamos. He is currently work-
ing on the description of color con-
finement in quantum chromodynam-
ics and its application to nuclear
physics. Hughes, a native of England,
got his bachelor’s degree in mathe-
matical physics in 1975 and his Ph.D.
in theoretical elementary-particle
physics in 1978 from the University
of Liverpool. Since then he has held
research positions at the University
of Oxford, Caltech, the European Or-
ganization for Nuclear Research and
the University of Edinburgh. He went
to Los Alamos in 1985. Nieto, who en-
tered graduate school at Cornell Uni-
versity intending to become an ex-
perimental high-energy physicist,
became a theorist instead. On obtain-
ing his doctorate he embarked on
a “theorist’'s world tour,” spending
several years engaged in postdoctor-
al work at the State University of New
York at Stony Brook, the University
of Copenhagen, the University of Cal-
ifornia at Santa Barbara, the Universi-
ty of Kyoto and Purdue University.
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Nieto has been at Los Alamos since
1972 and is currently exploring the
possible existence of unsuspected
gravitational forces.

RICHARD A. LERNER and ALFONSO
TRAMONTANO (“Catalytic Antibod-
ies”) are at the Research Institute
of Scripps Clinic: Lerner is director
of the institute and Tramontano is
an associate member in the depart-
ment of molecular biology. Lerner re-
ceived his M.D. in 1964 at the Stan-
ford University School of Medicine
and has been at Scripps in various ca-
pacities since 1965, except for two
years at the Wistar Institute of Anato-
my and Biology in Philadelphia. This
is his third article on immunochemis-
try for SCIENTIFIC AMERICAN. Tramon-
tano received a bachelor’s degree in
1976 at Columbia University and a
Ph.D. in inorganic chemistry from
the University of California at River-
side in 1980. He went to Scripps in
1983 after he completed postdoctoral
studies at Harvard University.

LAWRENCE K. SHAPIRO and HOW-
ARD 1. SHAPIRO (“Construction
Cranes”) are son and father and also
colleagues at the consulting engi-
neering firm Charles M. Shapiro &
Sons, which was founded by the el-



"’\.v ‘/ALMONDS FROMINDOCHINA %LEMON PEEL FROM SPAIN \\\JV ORRIS(IRIS ROOT) FROMITALY % LICORICE FROM INDOCHINA

ORTE ) TASTE OF BOMBAY GIN.

£

&

i
i
'
i
]
il

© 1987 Carillon Importers, Ltd., Tearfeck, N.J.86 Proof « 100% grain neutral spirits.

der Shapiro’s father. Lawrence Sha-
piro, who earned a bachelor’s degree
in civil engineering from the Uni-
versity of Virginia in 1978, has been
the project engineer for cranes since
1983. Before that he held several po-
sitions at Zurn Industries, based in
Tampa, Fla. Howard Shapiro is princi-
pal engineer for cranes. He was grad-
uated from the Polytechnic Institute
of Brooklyn in 1953 with a degree in
civil engineering and joined the firm
in 1957 after serving in the U.S. Army
Corps of Engineers. He is the author
of a book on cranes and derricks.

JAMES D. MURRAY (“How the Leop-
ard Gets Its Spots”) is professor of
mathematical biology and director of
the Centre for Mathematical Biology
at the University of Oxford. He holds
a 1956 doctorate in applied mathe-
matics from the University of St. An-
drew’s and a 1968 doctorate in math-
ematics from Oxford. From 1961 to
1963 he was a fellow and tutor in
mathematics at Oxford. From there
he went to the University of Michigan
as a professor of engineering me-
chanics, and in 1967 he moved to
New York University as a mathemat-
ics professor. He has worked at Ox-
ford since 1970. Murray has been
a visiting professor at many places

around the world, including the Na-
tional Tsing Hua University in Tai-
wan and the University of Florence.

ROSE E. FRISCH (“Fatness and Fer-
tility”) is associate professor of popu-
lation sciences at the Harvard School
of Public Health. She received her
bachelor’s degree at Smith College in
1939, a master’s in zoology at Colum-
bia University in 1940 and a Ph.D. in
genetics from the University of Wis-
consin in 1943. She began concen-
trating on the study of reproductive
biology after returning to work and
joining the Harvard Center for Popu-
lation Studies in 1965. Frisch’s cur-
rent research includes the effects of
exercise on the long-term reproduc-
tive and general health of women.

ROBERT T. BATE (“The Quantum-
Effect Device: Tomorrow’s Transis-
tor?”) is manager of the advanced
concepts branch at Texas Instru-
ments, Incorporated, where he has
held several positions since 1964.
The group he manages is studying
nanometer semiconductor struc-
tures and revolutionary architec-
tures with the goal of exploiting
quantum-size effects to develop a
new generation of ultradense inte-
grated circuits. He has a 1955 bache-
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lor’s degree in engineering physics
from the University of Colorado and
a 1957 master’s degree in physics
from Ohio State University. Before
going to Texas Instruments, he did
research at the Battelle Memorial In-
stitute. Bate holds 15 U.S. patents.

ANNA MARGUERITE MCCANN
(“The Roman Port of Cosa”), the first
woman underwater archaeologist, is
director of excavations at the port
of Cosa. She was graduated from
Wellesley College in 1954 and went
on to get a master’s degree at New
York University’s Institute of Fine
Arts and a Ph.D. from the University
of Indiana. She has taught at Swarth-
more College, the University of Mis-
souri, the University of California at
Berkeley and New York University.
Her work at Cosa began when she
was a classical fellow at the Ameri-
can Academy in Rome. The Cosa
projectwas supported by the Nation-
al Endowment for the Humanities. Its
results were summarized in The Ro-
man Port and Fishery of Cosa (Prince-
ton University Press, 1987). McCann,
who is chairman of a new national
committee for underwater archaeol-
ogy of the Archaeological Institute of
America, lives in New York with her
husband, Robert Taggart.
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Look closelyantyou can see the scars.
(77 N
RS

There are no bruises. So now only a shattered spirit remains.

And no broken bones. And the light of laughter has gone out.

She seems the picture of the perfect child. Remember that words hitashard asa fist.

But if you look closely you can see how So watch what you say.
rejection, fear and constant humiliation have You don’t have to lift a hand to hurt your
left scars that have tragically affected her child.

childhood. Take time out. Don’t take it out on your kid.

W Write: National Committee for Prevention of Child Abuse,
. Box 2866E, Chicago, Illinois 60690
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Great Products at Great Prices from a Great Company.

DATA STORAGE

[+M=GA BERNOULLI BOX
For PC/XT/AT and most
compatibles
10meg(single).........vun $950
20meg(singl€)...vvvennn.n
20 meg (10 + 10)
40meg (20 + 20). .. ..vuunn 1650
Bernoulli Plus (80+20+20) . ...
Interface priced separately

ELEK-TEK

TAPE BACKUPS

ArchiveXL4OMB........... $329

Mountainint. 40 MB XT or AT ... 379

Mountain ext. 40 MB AT or XT
w/power supply . .o vvivuen 575

UNIVERSAL INTERFACE Model
For all 8" Bernoulli Models . . . . . 149 1200
Bernoulli Cartridges HAYES Internal
IOMEGA 10 meg—3 pak ...... 155 (including software)
IOMEGA 20 meg—single . ... ... ... 84 1200B 1200 Baud........... $279
BB HEAD CLEANING KIT............ 59 2400B2400Baud . .......... 429
Call for Bernoulli Box Il pricing HAYES External
HARD DRIVE CARDS (no software included)
Western Digital 20MB ... .... $350 12001200Baud............. 289
Western Digital SOMB . ....... 399 24002400Baud ............ 439
PLUS DEVELOPMENT
20MBHardCard............ 550 OTHER MO’DEMS
[40MB Hard Card......... saag | Haves compatible
Internal (including software)
MULTI FUNCTION BOARDS Practical Peripherals 1200B . .. .. 84
Everex1200baud . ........... 94
asr Everex 2400 baud. .. ...v....s 179
Agvantagl.;e 128, 0iiiinnnen 321;3 Novation 1200 baud . ... . ... 125
1/ 0L L .
) . External (no software included)
Sxpak + with 384K, .o ee o2 a52  US. Robotics 1200 baud. . . .. . . 179
pak premium with S12K... ... 249y 5 Robotics 2400 baud . . - . . - 329
gzmpggem 256 e 2";2 Practical Peripherals 1200 baud . 109
INTEL ABOVEBOARD e Practical Peripherals 2400 baud . 179
All products Novation Parrot 1200 . ......... 92
"""""""" Novation 1200 baud . ......... 175
ORCHID TECHNOLOGY Everex 2400 228
Allproducts.....vvvueen . ,CALL  —7 7 5 Fm s mmmm s rmm ettt
MOST OF THE ABOVE . .... SNTR CHIPS - 9 packs
64K RAM (120, 150 or 200 NS) CALL
HARD DRIVES 256K (120 or 150NS) .. . . ... CALL
SEAGATE 256K (1 OQ [NVIS) I CALL
Internal Hard Disk Subsyst 256K Static RAM (BONS)..... CALL
20 Megabyte . . ............ $299 128K RAM150NS........ 2.20 ea.
Each system includes: NECV-20.....covvnvnnnnn 10 ea.
® Seagate Drive e Controller  Intel 8087 math chip (5MH) . . 110 ea.
* Documentation e 2 Cables Intel 80287 math chip (6MH) . 175 ea.

® 1 yr limited warranty
e For use in IBM PC, XT, AT&T, most
compatibles

30MBRLL 2 ht./RLL ....... 349
40 MB Drive full ht. for AT . ... 599
40 MB 2 ht. for XT/AT ....... 439
MINI SCRIBE

30MB Y2 height XT .....utte 349
40 MB full height. « .o oo v vunnn 675

HEWLETT

(ﬁﬁj PACKARD
LaserJet
Toner Cartridges
HP92285A for Original LaserJet
HP92295A for LaserJet Series Il

Mfr. Sugg. Ret. $125 $82

Epson’s FX-86e &k the industry’s stan-
dard DOT MATRIX PRINTER. Features
include 8K buffer, NLQ, 40/200 cps.

OTHER EPSON PRINTERS
FX 86e (New)200 CPS....... CALL
FX 286e wide carriage (New) . . CALL
LX800180CPS.......cuut. 199
EX 1000300CPS .......... CALL
LQ500180CPS........... CALL
LQ 800 NLQ (Parallel) . .. ... 299
LQ850264CPS........... CALL
LQ 1050264 CPS . ......... CALL
LQ 2500 NLQ 324 CPS...... CALL
Diablo D8OIF
Daisywheel Printer 80cps

Mfg. Sugg. Ret. $1995 $499*
*price includes cut sheet feeder
6 month Elek-Tek warranty

PRINT BUFFERS

PRACTICAL PERIPHERALS
Microbuffer32K .. ........... $69
64K parallel orserial . . oo v 129
256K parallel orserial .. oo ovuu 159
HANZON
64Kuniversal.....oovviin, 250
64K memory expansion .. ...... 56
SMG

PB 36 256K parallel ......... $129
PB 36 AB 2 pos. 256K parallel . . 175

BEST BUY

Samsung 1252G 12” Amber TTL . 99
Samsung 13” color. ... vvvuus 275
Sakata 13" EGA........vuu.. 325
NEC

Multisync Il color ... .vvvunt. CALL
AMDEK

730VGACOIOr v v vvvnvnnnnn 350
410A, 410G, 410W . .. ........ 150
722C Enhancedcolor......... 450
PRINCETON GRAPHICS
AllModels. . ovvvvvnnennnnn CALL
SONY MONITORS

AllModels. .....cvvvunnn. CALL

Huge Discounts on
TOSHIBA EPSON OKIDATA
(4 ikaec XEMK / Diablo
DICONIX 8213
Portable Printer
Perfect for Laptop Computers

Elek-Tek Price $299

SPECIAL PURCHASE!
Diablo D-625 Daisywheel 25CPS
Elek-Tek Price $350*

*Price includes IBM parallel interface

TRIPPLITE & PERMA POWER
ROTECTION

POWER P

Surge protector strips
PermaPower 6 outlet .
Isobar4-6 4 outlet. .
Isobar8-15 8outlet...........

Line conditioners/stabilizers
TL1200 4 out 1200W 135

TL1800 6 out 1800W......... 199
Command consoles
TLCCl 612 .. uiviiiinnnnnnns
PermaRS562 Power Commander 65
Standby power systems

TLBC450 450 watt system .... 360
TLBC750 750 watt system . ... 535
TLBC1200 1200 watt system . . . 725
TLBC2000 2000 watt system. . 1199
SAFE400VA 400 volt system . . . 350

SAFE1200VA 1200 volt system. . 899

PUSH BUTTON SWITCH BOXES

448010 2 pos. 25-pinAB..... $29
448052 2pos. 36-pinAB...... 32

ROTARY SWITCH BOXES

448028 3 pos. 25-pinABC. ...
448060 3 pos. 36-pin ABC

VIDEO BOARDS

Hercules Graphics PLUS. . .... $179
Generic Hercules compatible . . . .
Hercules color
Generic color compatible
Hercules InColor Card .

Vega Deluxe........ .209
Everex EGA Autoswitch 15
Paradise EGA480 ........... 165
Paradise EGA350 ........... 135
Paradise VGAPlus .. ......... 239
VegaVGA .....ovvvivvnnnen 299
Everex VGA ............ ..., 260

ATl VGA improved performance . 299

HUGE SAVINGS ON DISKETTES caii for Quantity pricing for 10 boxes or more 3M DATA CARTRIDGES

ELEK-TEK

Call Toll Free 800-621-1269—ExceptIL, AK o

1 10 25
*Packed in flip n’ fil - =%h : v4 3M
(Packedintiprifie) | 0% | (@ | oW Pl o2 g0 | @B Bciooa $13.50 $13.00 $12.00
DC300A 17.50 17.00  16.00
3%” SSDD | 14.00 | 13.00 | 12.00* - - 13.00 | 12.00 DC300XL/P 21.50 21.00 20.00
3%"DSDD | 17.00 | 18.00 | 17.00 | 22.00 | — | 17.00 | 16.00 gggggac gg-gg gg-gg g} -gg
3% 1[)"sm)MD — | 49.00 | 49.00 | 47.00 | — | 49.00 | — DEBISHO 1900 1850 17.50
S%" SSDD | 8.00 | 8.00 | 8.00 | — = = 1.00 | pcio00 1450 14.00 13.50
5%" DSDD | 10.00 | 9.50 | 9.00 | 15.00 | 7.9 - 8.00 | DC1000alpha20MB*  16.50 16.00  15.00
5% " DSDD96TPI | 12.00 | 18.50 | 18.50 | — — — | 10.00 Dg1 000 delta 10 MB~ 16-38 1 g-gg }ggg
G op | DC2000 19. 18. .
2147 DSDDRD teswin | 12.00 | 18.00 | 17.00 | 2800 | 999 | — L1700 | D00 gamma4OMB® 2250 22.00  21.00
1 19.00 | 20.00 | 20.00 | - — = = DC2000 kappa 40 MB* 22,50  22.00  21.00
8” DSDD 23.00 | 23.00 | 23.00 — — — - * for d cartridges
6557 North Lincoln Avenue, Chicago, lilinois 60645 312-677-7660

Canadian Toll Free 800-458-9133

Corp. Accts. Invited. Min. Ord. $15.00. Visa or MasterCard by Mail or Phone. Mall Mashler’s Check, Mon. Ord., Peronal Check Add $4.00 1st item. (AK. Hl, P.R., Canada add $10.00 first item) $1.00 ea. add’l shpg.

& handl. Shipments to || address add 7% tax. Prices sub). to change. WRITE for free catalog. RETURN POLICV All sales are final except ich will with
y policy. ALL ELEK-TEK MERCHANDISE IS BRAND NEW, FIRST QUALITY AND COMPLETE Dollvory subject to availability. DUNS #09-718-0517
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GO FLY AN
O-DAKO

The fighting kites of
Asia fly in the same

kind of environment you
deal with every business
day. A competitive one.

So, in the spirit of
competition, Northwest
has a way to keep you
ahead of the rest of the
field. Our schedule.

We fly daily to Asian
business centers like
Tokyo, Seoul, Taipei,
Osaka and Hong Kong.
On nothing but 747s.

In fact we fly to more
of the Far East from
more of the U.S. than
any other airline.

So call your travel
agent, or Northwest
at 1-800-447-4747.

When it comes to com- 4
petition, we can make
you a true champion. :

© 1988 Northwest Airlines, Inc. ‘
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SCIENCEameCITIZEN

Poisoning the Air

The U.S. resumes production
of lethal nerve-gas weapons

ne year ago the Soviet Union

would not even acknowledge

that it possesses chemical
weapons. Then last April, General
Secretary Mikhail S. Gorbachev an-
nounced that his country does in-
deed have such weapons and that to
spur negotiations toward a ban he
was halting production. Subsequent-
ly Soviet negotiators at the United
Nations Conference on Disarmament
in Geneva agreed to long-standing
U.S. demands for on-site inspections,
including so-called challenge inspec-
tions of any facility at any time, to
verify a ban. In November, Soviet
and American officials toured each
other’s chemical-weapons facilities.
On December 10, during the summit,
Gorbachev and President Reagan
signed a joint statement proclaiming
their mutual desire for a ban.

Six dayslater the U.S. began manu-
facturing chemical weapons for the
first time in almost 20 years. Called
binary weapons, they consist of two
components, a canister and a weap-
on casing, each containing a nonle-
thal substance; after the canister is
inserted into the casing the contents
mix to produce deadly nerve gas.
The Pentagon has sought funds for
binaries for years; last year, after a
bitter debate, Congress allocated $58
million to the start-up.

The Department of Defense al-
ready stockpiles, in the U.S. and Ger-
many, tens of thousands of “unitary”
weapons, including artillery shells,
bombs, rocket warheads and land
mines. The chemicals they contain
include GB and VX, nerve gases that
paralyze victims and can asphixiate
them within seconds; mustard gas,
which causes severe blistering of the
skin and lungs and kills more slowly,
and also nonlethal “incapacitants”
such as BZ, an LSD-like hallucinogen.

Pentagon and Department of State
officials maintain that most of the
unitary weapons are obsolete and
dangerous, and that binaries are
needed to counter a buildup by the
U.S.S.R. They also insist binaries are
good for arms control and in fact
have spurred the Soviets into making
their recent concessions. “Showing

20 BIOLOGICAL SCIENCES
26 PHYSICAL SCIENCES
32 MEDICINE
37 OVERVIEW

our seriousness about moderniza-
tion,” Maj. Randal E. Morger says,
speaking for the Pentagon, “has
helped the negotiating process.”
Proponents of binaries stress that
even if the Soviet Union unilaterally
disarmed, the U.S. would still need
chemical weapons to deter attacks
by such countries as Iran and Libya,
which are rumored to have acquired
chemical weapons. The U.S. should
disarm, according to this reason-
ing, only after all nations agree to
do so. Working out the verification
procedures for such a treaty could
take years, since inspections must in-
volve not only Government facilities
but also chemical companies, which
are concerned about the loss of pro-

prietary information; after a treaty is
signed, destroying stockpiles may
take another decade. In the mean-
time, proponents say, binaries will
protect the U.S. and strengthen its
hand in the Geneva talks.

Arms-control advocates vigorous-
ly dispute these views. Ivo]J. Spalatin,
a staff member of the House Foreign
Affairs Committee who has fought
the funding of binary weapons for
years, says those who believe the bi-
naries are still needed as a bargain-
ing chip misinterpret the U.S.S.R.’s re-
cent actions. “I think the Soviets real-
ize that from a military point of view
chemical weapons have little or no
value,” he explains.

Spalatin argues that the binary pro-
gram may actually leave the U.S.
with less of a deterrent. He says pro-
duction of two out of three of the
planned binary weapons, a bomb
and a multiple-launch rocket, has
been delayed indefinitely by techni-
cal problems; currently the Army can
manufacture only 155-millimeter ar-
tillery shells, which have a range of
about 15 miles. Congress has also en-
cumbered the weapons with logistic
constraints: the two components of
each shell or bomb must be stored in
different states and brought together
only when and where they are to be

The Pentagon says building binary weapons
will further negotiations toward a treaty

1,',: .

. .

.
GAS MASK and a heavy, rubberized suit are the standard equipment issued to soldiers
in the U.S. and the U.S.S.R. for protection against chemical weapons.
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used. Spalatin thinks the U.S. should
negotiate a bilateral agreement with
the U.S.S.R. and then put pressure on
other countries to join in the ban.
“You will never get a multilateral
agreement without getting a bilateral
one first,” he says.

Matthew S. Meselson of Harvard
University, a biologist who has long
championed biological and chemical
arms control, agrees. He suggests
that the U.S. decision to build more
binaries, far from fostering disarma-
ment, may encourage other coun-
tries to obtain chemical weapons. He
also rejects the tit-for-tat concept of
deterrence. “If we want to retaliate
against Libya or Iran,” he says, “we
have many other more precise op-
tions than chemical weapons.”

Meselson points out that because
users of chemical weapons must don
bulky protective gear, their mobility
and hence their tactical advantage is
reduced. This drawback, he notes,
might explain why Iraq’s recent use
of mustard gas, in spite of killing and
horribly injuring thousands of Irani-
an soldiers, has not led to a military
victory. —John Horgan

Cousins or Brothers?

Chimps and human beings
may be nearest relatives

hich are right, the genes or
the bones? On the basis of ana-
tomical evidence, including the fact
that both walk on the knuckles of
their hands, chimpanzees and goril-
las would seem to be each other’s

closest relatives. Yet recent molec-
ular findings have suggested that
chimpanzees are actually closer to
human beings than they are to goril-
las. Morris Goodman of the Wayne
State University School of Medicine
has now provided the best molecular
evidence so far that human beings
and chimpanzees are indeed each
other’s nearest living relatives.

Goodman, together with his co-
workers Michael M. Miyamoto and
Jerry L. Slightom, determined the
nucleotide sequence of the same
stretch of DNA from an individual of
each of the three species. The stretch
they sequenced lies between genes
that encode the protein portions of
the hemoglobin molecule, but it does
not itself code for a protein product.
When the 7,000-nucleotide sequen-
ces from each species had been de-
termined, the investigators inferred
the existence of a common ancestral
gene. Then they calculated the sim-
plest branching pattern that would
fully account for the observed diver-
gence from the common ancestor.

It turns out that the simplest pat-
tern is one in which the gorilla first
splits off from the progenitor of chim-
panzees and human beings; later the
chimpanzee and human lineages di-
verge to yield their modern equiva-
lents. Although Goodman’s method
cannot provide precise dates or time
intervals for the events in the branch-
ing pattern, it does seem clear that
the common chimp-human stem ex-
isted only briefly—perhaps for from
half a million to a million years be-
tween five and 10 million years ago.

One of the intriguing consequen-
ces of Goodman’s data is the impli-

Did our ancestors walk on their knuckles?
Molecular evidence suggests that the answer is yes

CHIMPANZEES AND GORILLAS both support their weight on the knuckles of their hands
when they walk. Human anatomy shows no sign of knucklewalking, but new genetic
information implies that early human ancestors may have used this form of locomotion.
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cation that the ancestors of human
beings were knucklewalkers. Since
both the gorilla and the chimpanzee
walk on their knuckles, either their
common progenitor did the same
thing or the complex trait evolved in-
dependently in the two lines. Since
such independent evolution seems
improbable, and since in the new
branching pattern any common an-
cestor of chimps and gorillas was
also the ancestor of human beings,
the implication is that early human
ancestors may have been knuckle-
walkers too.

That conclusion (along with much
of the information from molecular-
genetic studies) has aroused contro-
versy among those whose evolution-
ary studies are based on morpholo-
gy, or anatomical form. For example,
little in modern human anatomy or in
the hominid fossil record suggests
knucklewalking. It will undoubtedly
be some time before the apparent
conflict between morphological and
molecular data is resolved. Mean-
while Goodman proposes that chim-
panzees, gorillas and human beings
be put in the same subfamily in the
overall scheme of classification of
the species. That would be a radical
move, because they are now not only
in different subfamilies but also in en-
tirely different families: Hominidae
for human beings and Pongidae for
the apes. —John Benditt

Civil Defense

The military loses a fight
for control of data—or does it?

t a quiet bill-signing ceremony in

the White House in early Janu-
ary, a protracted battle by the Penta-
gon for control of civilian electron-
ic information systems—particularly
those containing scientific and tech-
nical data deemed valuable to the So-
viet Union—ended in defeat.

Perhaps.

The battle officially began in 1984
when President Reaganissued a “na-
tional security decision directive”
declaring that unclassified but “sen-
sitive” information stored in comput-
ers and sent over telecommunica-
tions links, both Federal and private-
ly owned, “can become targets for
foreign exploitation.” The directive
created a committee headed by the
National Security Agency, an arm of
the Department of Defense, to devise
stiffer security standards.

The NsA, which shields classified



Nuclear energy can help America
find a way out of
our dangerous dependence on foreign oil

il imports are increas-

ing to dangerous
levels. As the uncertainty
in the Persian Gulf
continues, the ability to
rely on America’s nuclear
energy becomes more
important than ever.

During the 1973 embargo, when
we were importing 35% of our
oil, prices skyrocketed as supply
nose-dived. In the last 18 months,
America’s dependence on OPEC
oil has increased dramatically.
We’re even more dependent
now than we were in 1973. Oil
imports haverisenby over 25 %
while domestic oil production
has fallen nearly 10%. Looking
to the future, the situation is
even worse.

In fact, if projections from
the Department of Energy are
correct, America may
be importing as )
much as 50% of /.7
our oil by 1990.
That would

©1988 USCEA

seriously jeopardize our national
energy security.

Nuclear Energy
Saves Oil

Electricity generated from Amer-
ica’s 109 commercial nuclear
electric plants saves us over
750,000 barrels of oil a day.
Every day. Without nuclear
energy’s contribution, we would
need to import even more
foreign oil than we already do.

Nuclear Energy for
the Future

America’s use of electricity has
been growing steadily to fuel our
growing economy. At current
growth rates, electricity demand
will overtake supply in the
early 1990s.

New nuclear electric plants
should be in planning zow. But

they are not, despite

N\ the fact that most
(1. Americans believe
1y that nuclear energy

is important and that
we will need more.

Too many financial, political,
licensing, and regulatory uncer-
tainties stand in the way of
America’s being able to fully uti-
lize its nuclear energy resources.
For example, it has taken some
plants as long as 12 years to be
completed. If nothing changes,
that means that a plant begun
now might not be operating
before the year 2000.

As America’s economy
continues to grow, America must
find ways to keep pace with its
growing electricity needs. Nuclear
energy can play a major role in
meeting those needs as well as
keeping us less dependent on
foreign oil.

For a free booklet on energy
independence, write to the U.S.
Council for Energy Awareness,
PO. Box 66103, Dept. NS10,
Washington, D.C. 20035. Please
allow 2-3 weeks for delivery.

Information about energy

America can count on
U.S. COUNCIL FOR ENERGY AWARENESS



U.S. data from foreign spies and also
spies on other countries’ transmis-
sions, is extremely secretive. Never-
theless, in 1985 NsA officials emerged
from their vast headquarters at Fort
Meade, Md., to urge U.S. companies—
including IBM, AT&T and others that
deal in high technology—to buy
equipment it had designed for scram-
bling, or encrypting, data. The NSA in-
sisted, however, on managing the
“keys” needed to unscramble mes-
sages and prohibited the use of its en-
cryption equipment for international
communications.

Because of such restrictions, even
companies interested in encryption,
such as banks, resisted the NSA’s
overtures, according to Robert H.
Courtney, formerly a security ana-
lyst at IBM and now a consultant.
The NsA, Courtney contends, is too
“hopelessly introverted” to under-
stand industry’s security concerns,
which involve not foreign espionage
but fraud and embezzlement. Not-
withstanding, according to John M.
Richardson of the Institute of Electri-
cal and Electronics Engineers (IEEE),
a professional society that helps to
set telecommunications standards,
many companies worried that if they
refused to comply with the NSA’s
“guidelines,” they would lose Gov-
ernment contracts.

Then in 1986 agents of the Defense
Department, the Central Intelligence
Agency and the Federal Bureau of
Investigation began visiting organi-
zations that manage electronic data
bases. The data bases, which trans-
mit data over telephone lines to sub-
scribers’ personal computers, includ-
ed Chemical Abstracts, run by the
American Chemical Society, and Dia-
log, a service of the Lockheed Cor-
poration. The Government agents
reportedly asked to see lists of sub-
scribers and inquired how access to
non-U.S. citizens could be cut off.

In October, 1986, John M. Poindex-
ter, then Reagan’s national security
adviser, aroused still more concern
by issuing a memorandum stating
what information the Government
considered “sensitive” and therefore
subject to regulation. Poindexter in-
cluded any data related to national
defense or foreign relations as well as
“economic, human, financial, indus-
trial, agricultural, technological, and
law-enforcement information.” “The
memo included almost anything you
could think of,” says Charles K. Wilk
of the Office of Technology Assess-
ment, who has supervised a major
study of data security for Congress.

Concerns over these actions were
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aired at hearings chaired by Repre-
sentative Jack Brooks, head of the
House Government Operations Com-
mittee, early last year. The American
Civil Liberties Union, the American
Association for the Advancement of
Science, the American Physical Soci-
ety and many other organizations ar-
gued that data controls hurt U.S. re-
search and commerce.

The hearings, in the words of one
observer, “turned the tide” against
the military’s program. Soon after
the hearings ended Frank C. Carlucci
III, who had replaced Poindexter as
Reagan’s national security adviser
when the Iran-Contra affair erupted,
rescinded the increasingly contro-
versial “Poindexter memo.” White
House officials later voiced support
for a bill, first proposed by Brooks,
that makes the National Bureau of
Standards, an arm of the Department
of the Commerce, responsible for de-
vising security guidelines for civil-
ian information systems. After both
the House of Representatives and the
Senate had passed the bill, called
the Computer Security Act, the presi-

dent signed it into law on January 8.

Yet Pentagon officials, according to
one congressional aide, “worked out
a deal” with the Senate that may let
the NsA keep a hand in the game. As
part of the agreement, Senator Law-
ton M. Chiles declared for the Con-
gressional Record that the Computer
Security Act applies only to comput-
ers and “is not intended in any way
to alter the assignment of responsi-
bilities in the area of telecommunica-
tions security.”

An aide to Chiles contends the
statement was meant to allow the NSA
to “save face” rather than to provide
it with a semantic loophole. Other ob-
servers are disturbed both by the
Chiles statement and by the ambigu-
ity of the Computer Security Act it-
self. Robert L. Park of the American
Physical Society maintains, however,
that the act will have a positive effect,
particularly in combination with the
recent departure of two high-ranking
officials in the Pentagon’s policy of-
fice: Richard N. Perle and Fred C. Iklé.
“These were the people behind the
restrictive policies,” Park says. —J.H.

BIOLOGICAL SCIENCES

Where’s Rover?

Just when do children see that
an object can be a symbol?

ometime between the ages of

two and a half and three, chil-

dren make a leap in cognitive
development that is as dramatic and
clear-cut as the emergence of a first
tooth in physical development. In
that short time span, says Judy S. De-
Loache of the University of Illinois at
Urbana-Champaign, children learn
that an object can be understoo
both as “a thing itself and as a sym-
bol of something else.” This capacity
to symbolize has long been recog-
nized as a hallmark of human cogni-
tion, but research had not estab-
lished precisely when in the course
of a child’s development the capacity
is acquired.

In Science DeLoache reports a suc-
cessful effort to mark the event. She
did an experiment with 32 children:
16 two-and-a-half-year-olds and 16
three-year-olds. Each child watched
as a miniature toy was hidden in a
scale model of a room (a tiny dog be-
hind a couch, for example). The child
was then taken to the full-size room
and asked to find the real toy hidden

© 1988 SCIENTIFIC AMERICAN, INC

in the corresponding place (a larger
stuffed dog behind a full-size couch).
Finally, as a memory check, the child
was asked to retrieve the toy from
the model.

“To succeed,” DeLoache says, “the
child had to realize that the model
represented the room and that, by re-
membering the location of the object
hidden in the model, he or she could
determine the location of the object
concealed in the room.”

The two-and-a-half-year-olds, ac-
cording to DeLoache, knew they
were supposed to find a toy, but they
were ‘“‘unaware that they had any ba-
sis for knowing where the toy was
without looking for it.” As a group
they searched with little success,
even though they were adept at re-
membering where the miniature was
hidden in the model.

In contrast, the approach of the old-
er children highlights “the abrupt na-
ture of the developmental change.”
Playing a memory game rather than
a guessing game, they had “nearly
universal” success in finding both
objects. With a few months’ differ-
ence in age, the three-year-olds were
able to infer where the toy was hid-
den from the symbolic relation be-
tween the model and the room.

Why could the younger children



SCIENCE_~SCOPE*

Aided by a tiny, heat-sensitive microchip “sandwich”, astronomers are experiencing a quantum leap
forward in infrared astronomy. The Hughes Aircraft Company-built detector device is placed in a
camera-like system and attached to the bottom of an infrared telescope. Called an infrared focal plane
array, the device contains nearly 4,000 detectors which sense the radiant heat energy emitted from
heavenly bodies and turn it into clear, sharp images in record time. Astronomers will be able to use the
array to study the planets in our solar system, the center of the galaxy, and millions of other galaxies in
greater detail than ever before. The array was first used in the United Kingdom Infrared Telescope
(UKIRT) in Hawaii.

Using advanced robotics and Artificial Intelligence (AI) technologies, a U.S. Army scout car was
computer-driven from a remotely located command post over a mile away. During the first-of-its-kind
demonstration, the Advanced Ground Vehicle Technology program, sponsored by the Defense
Advanced Research Projects Agency and the U.S. Army’s Tank-Automotive Command, utilized three
Hughes-built systems. The Autonomous Vision System transmitted video images of the road to
computers which sent back steering, brake, and throttle commands. The Al-based Map And Planning
System kept track of the vehicle at all times and displayed its location and a map of the local area on a
color monitor. The system was operated day and night with Hughes thermal sensors and a complex
communication link which coordinated the overall system function.

Hughes quality inspectors are using a voice input system on the production line to significantly reduce
time and cost during the inspection of advanced radar modules. A major advance in speech-recognition
technology, the Hughes-built system combines computers and artificial intelligence techniques with
software programming designed by Hughes. The computers, with a vocabulary of up to 1,000 words,
give verbal instructions, repeat the inspector’s words for verification using a built-in voice synthesis
feature, and then record the information. Introduced on the APG-65 radar production line, additional
voice input systems are being installed on other radar production lines.

Advanced V-band circuitry will play a key role in satellite-to-satellite communications and in the
operation of spaceborne imaging array systems. Hughes is developing for the U.S. Air Force compact,
reproducible, reliable transmit/receive switches and analog and digital phase shifters. The components
will operate at approximately 60 GHz, the preferred range for phased array equipment in future space
systems. The V-band includes frequencies from 50 to 70 GHz, and is considered the optimum
frequency range for orbiting secure communications systems.

Support Systems in Southern California designs, develops, and manufactures some of the most
sophisticated training simulators and a wide array of automatic and manual test systems. In addition,
field engineering and technical support of a wide range of electronic systems keep Hughes’ systems
operating at top efficiency worldwide. Opportunities are available for a variety of engineers qualified
by degree or extensive work experience. They include systems engineers, radar engineers, and software
and hardware design engineers. 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 45068, Los Angeles, CA 90045-0068
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Nissan Max!@ GXE. 3 0-liter SOHC V6 engine with
electronically-controlled 4-speed automatic transmission
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For some people, status means having the
privilege of spending $27000 for a European car

Nissan has engineered a car for people who
find status in something else: Just being smart.

The new Nissan®Maxima® GXE. A car
Motor Trend Magazine called “The best perform-
ance sedan you can buy for under $25000.
Which we take as an enormous compliment,
since our car costs far less than that.
| But as flattered as we are, were not surprised.

~ Because at the heart of the Maxima is the
same basic fuel-injected V6 engine you'll find
at the heart of our famous ZCar.

And thanks to our revolutionary Sonar
Suspension]™* the Maxima GXE not only mon-
itors your driving behavior, it actually “reads”
the road surface and automatically adjusts itself
for improved comfort and handling.

Naturally; the Maxima also performs well
in other areas. It has power windows, locks,
mirrors,and antenna. As well as air-conditioning
and a six-speaker electronically-tuned AM
stereo/FM stereo radio and cassette deck.

Look at it this way. You could either buy a
pricey, European luxury sedan.Or, for the same
money, you could buy yourself a Nissan Maxima.
And then go on a pricey European vacation.

A 4
Built for the Human Race:

*Based on manufacturer's suggested retail price. **Optional, but definitely worth it. Ill‘} @
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At three years of age children can recognize
and exploit the symbolic meaning of things

CHILD LOOKS ON as an experimenter hides a tiny stuffed dog in a model of a room.
Later the child will try to find a larger dog hidden in the same place in the actual room.

not see the correspondence? These
children are accustomed to interpret-
ing pictures as representations of
something else, DeLoache hypothe-
sized, but they are not yet capable of
the “dual orientation” necessary to
recognize that a real, three-dimen-
sional object—such as a scale mod-
el—can also be a symbol. In a second
experiment another group of two-
and-a-half-year-olds were shown pic-
tures rather than the scale model as a
clue. They had no trouble finding the
toy in the real room. With the scale
model as a clue, however, the same
subjects performed as poorly as the
younger children had done in the
firstexperiment. —Elizabeth Collins

Sex Switch

The gene determining maleness
in human embryos is found

14 hy can’t a woman be more

like a man?” asked Professor
Higgins in Lerner and Loewe’s My
Fair Lady. The answer may have
been found by a team of investiga-
tors led by David C. Page of the
Whitehead Institute for Biomedical
Research. The team, which also in-
cluded workers from Canada and
Finland, reports in Cell that it may
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have found the fundamental genetic
switch that determines whether a hu-
man embryo will become a male or
a female.

Male and female embryos devel-
op identically until about five weeks
after fertilization; it is only then that,
in males, some genetic signal that
was until now unknown sets in mo-
tion a cascade of biochemical events
that leads to the development of
male organs. In the absence of this
signal the embryo develops into a
female.

It has long been known that the
mysterious signal must have some-
thing to do with the sex chromo-
somes. Normal males have an X and
a Y chromosome, in addition to 22
pairs of ordinary chromosomes; nor-
mal females have two X’. Since 1959
it has been thought that a “testis-de-
termining factor” (TDF) must be en-
coded by the Y chromosome. Studies
of people with abnormal combina-
tions of sex chromosomes showed
that male primary sexual characteris-
tics do not develop in the absence of
the Ychromosome.

Page’s team picked up this trail.
The workers studied the chromo-
somes of very rare individuals who
although physically female have
most of a Y chromosome. The inves-
tigators also studied individuals who
were apparently male but who none-
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theless seemed not to have a Y chro-
mosome. Tests with DNA probes
revealed that the apparently Y-less
males did in fact have a tiny fragment
of the Y chromosome; females with a
Y chromosome lacked almost exact-
ly the same fragment.

Page thinks the observations make
a “very strong circumstantial case”
that the fragment missing in females
includes .at least part of the gene
that, when present, causes embry-
onic gonadal tissue to develop into
testes. The sequence of bases (the
chemical rungs of the DNA ladder) in
the putative TDF gene suggests it
would produce a protein similar to
known proteins that bind to DNA and
hence control the activity of genes;
therefore Page supposes that the TDF
gene may work in the same manner.

For direct proof that the TDF gene
lurks in the missing fragment Page
and his colleagues will inject female
mouse embryos with the equivalent
mouse gene; if the gene indeed in-
cludes TDF, it should make them de-
velop as males.

Apart from its intrinsic interest, the
discovery of the TDF gene is impor-
tantbecause, Page says, itis the “first
clear example of a gene controlling
development of an entire organ sys-
tem in mammals.” The group has
made a further “surprising finding,”
according to Page: there is a separate
gene on the Xchromosome very sim-
ilar to the supposed TDF gene on the
Y chromosome. Its role is not known,
but Page thinks it too probably has a
key role in sex determination.

One reason to think the TDF-like
gene on the X chromosome might be
important is that it seems to have a
long evolutionary pedigree: the team
has discovered similar genes on the
X and Y chromosomes in mammals
ranging from rabbits to cattle. Even
chickens appear to have similar se-
quences on their sex chromosomes,
which is surprising because in birds
sex is not determined by the XX/YY
system. A role for a gene on the X
chromosome would “completely re-
write our views on the chromosom-
al basis of sex determination,” Page
remarks. —Tim Beardsley

Solar Polar Bears

Polar bear fur sets a standard
for solar-energy converters

On a clear day when the ambient
temperature is zero degrees Cel-
sius, even a very good solar-ener-



Permanent pleasures.

Choose one of these fine works and save up to $3055°

You simply agree to buy 4 additional books within the next two years.

Shakespeare: 6 Great Tragedies

for $1995 (List pricestotal $179.60)
Book-of-the-Month is proud to present 6 of
Shakespeare’s greatest tragedies: Hamlet, King
Lear, Macbeth, Othello, Romeo and Juliet and
Julius Caesar. Paul Scofield, Ralph Richardson,
Albert Finney, Dame Edith Evans, Claire Bloom,
John Mills and many more of England’s most
gifted Shakespearean actors perform
memorably in complete readings of each play.

17 cassettes in all.

The Story of Civilization
for $2995 (Pub. prices total $335.45)

For almost half a century Will and Ariel Durant
traced the continuity of world history—the reli-

gions and philosophies, the political and economic
tides, the arts and sciences, the customs and con-

Facts About Membership. As a member you will receive
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The Compact Edition of
The Oxford English Dictionary
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“The most complete, most scholarly dictionary of
the English language”—The Christian Science
Monitor. Through ghotoreduction, the original
13-volume set has been reproduced in this two-
volume Compact Edition. A Bausch & Lomb
magnifying glass is included.

uests—to show the foundations of society today.
Book-of-the-Month Club exclusive for almost 50

years, the Durants’ illustrated masterwork is
history come alive.
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905. Compact
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Julia Child:
The Way to Cook
6 One-hour Videocassettes

for $3995 (List prices total $179.70)

America’s favorite cook demonstrates the basic
techniques of good cooking with step-by-step
clarity in her entertaining style. In this 6-hour
videocassette set—Meat; Poultry; Fish & Eggs;
Vegetables; Soups, Salads & Breads; First
Courses & Desserts—she provides professional
tips on how to master everything from thicken-
ing sauces to butterflying a chicken. Six recipe
booklets are included. Available on VHS or Beta.

The Encyclopedia of Philosophy
for $2495 (Pub. price $225)

Regarded as the most comprehensive
encyclopedia of philosophy ever published,
this superb set—compiled with the world’s
foremost philosophers—encompasses
aspects of ancient, medieval, modern, Eastern
and Western thought. The four volumes
represent an essential aid for students and a
rewarding reference source.
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A polar bear’s pelt converts sunlight into heat
more than twice as efficiently as any solar heater

— ROUGH INNER SURFACE

DISTAL END =i oo
OF HAIR

POLAR BEAR HAIR may be a natural fiber-optic cable.
A cross section (right) shows a solid shaft surrounding
a reticulated core. The shaft apparently can trap
ultraviolet light and aim it toward the skin (above).

gy collector converts radiation into
heat with an efficiency of only about
40 percent. There exists, however,
a natural collector that converts part
of the solar-radiation spectrum into
heat with an efficiency exceeding 95
percent. The remarkable device is
polar bear fur.

Clues to the capacity of polar bear
fur for solar-energy conversion were
found in a roundabout way some
seven years ago when the Canadi-
an government launched a popula-
tion study of Arctic harp seals. The
white mammals were difficult to
track against the white background
of the Arctic winter, butinvestigators
assumed that infrared photographs
made from airplanes would reveal
the animals by detecting their body
heat as it escaped into the frigid Arc-
tic air. The seals defeated the scheme
because their excellent natural in-
sulation prevents almost all loss
of heat.

Instead the answer to the tracking
problem turned out to be ultraviolet
photography. Whereas the environ-
ment reflected the ultraviolet region
of the spectrum, the pelts of the seals
absorbed it. Subsequent research
showed that the pelts of other Arctic
mammals absorb ultraviolet radia-
tion; the polar bear proved to be the
most efficient absorber.

The findings suggested to Richard
E. Grojean of Northeastern Universi-
ty and the U.S. Army Natick Research
and Development Command that a
study of polar bear fur might further
human attempts to harness the ener-
gy of solar radiation. Grojean found
that individual polar bear hairs are
actually colorless, not white. Under a
microscope the transparent hair re-
sembles a quartz fiber. The central
core of each hair shaft scatters in-
coming radiation, giving the hairs
their white appearance. (A similar
scattering effect accounts for a snow-
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TRANSPARENT
—2HAFT

flake’s whiteness.) Grojean believes
the hair shaft somehow conducts
scattered radiation to the surface of
the skin (which is actually black),
where it is absorbed and converted
into heat. This passively generated

heat supplements metabolically pro-
duced heat.

Applications of these insights show
some promise. According to Gregory
Kowalski, a colleague of Grojean’s at
Northeastern, studies he has done
demonstrate a 50 percent gain in ef-
ficiency when flat-plate solar collec-
tors are filled with hairlike fibers. If
solar panels could be modified to
absorb more of the entire solar
spectrum, Kowalski says, their effi-
ciency could improve sharply. Much
of the radiation, particularly ultravio-
let wavelengths, pierces the cloud
cover and so would reach a solar col-
lector even on cloudy days. Such
a system would also eliminate the
need for elaborate tracking devices
that turn collecting plates toward the
sun: a collector filled with hairlike
material should capture radiation no
matter from what direction the radia-
tion comes. —Steven D. Mirsky

PHYSICAL SCIENCES

Shedding Light

Supernova 1987A confirms
and contradicts theories

considerably, at least in the vis-

ible spectrum, since it first
blazed forth in the Large Magellan-
ic Cloud last year on February 24.
But its contribution to astronomy is
brightening rapidly.

Perhaps the most satisfying obser-
vations confirm for the first time the
theory that heavy elements—from
silicon on up—constituting much of
the earth and its living inhabitants
are forged in exploding stars. The
first inklings that nucleosynthesis of
heavy elements is occurring inside
1987A derived from its so-called light
curve. For the first few weeks after its
initial flash the supernova waned,
and many theorists thought it would
continue to do so.

Others, notably Stanford E. Woos-
ley of the University of California
at Santa Cruz, predicted otherwise.
Woosley had constructed a super-
nova model in which the initial ex-
plosion generates large amounts of
cobalt 56; this isotope, which has a
half-life of 77 days, decays into sta-
ble iron, emitting gamma rays in the
process. Woosley proposed that the
supernova would brighten when its
outer shell expanded far enough
to allow the gamma rays, attenuat-

f ;upernova 1987A has dimmed
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ed into visible light, to escape. Sure
enough, the supernova brightened
from mid-March through late May;
since then it has waned at a rate that
matches the decay of cobalt 56.

Woosley and other theorists also
predicted that as the outer shell be-
came still more transparent the de-
cay of the cobalt would become more
directly evident, first as X rays and fi-
nally as gamma rays. In October in-
struments on the U.S.S.R.’s Mir space
station and on Japan’s Ginga satellite
detected the X rays. In the following
weeks four detectors funded by the
National Aeronautics and Space Ad-
ministration—one aboard the Solar
Maximum Mission satellite and the
others on balloons lofted into the up-
per atmosphere above Australia—de-
tected the gammarays.

Further proof of the elemental rich-
ness of the supernova comes from
NASA’s Kuiper Airborne Observato-
ry, an aircraft equipped with infrared
sensors. In two flights in November
the observatory detected infrared
emissions typical of cobalt, nickel,
silicon, sulfur and argon, according
to Fred C. Gillett of NASA.

All these results, notes Edward
L. Chupp of the University of New
Hampshire, the principal investiga-
tor for the Solar Maximum project,
represent “a real triumph of theory.”
He thinks the detection of the gamma
rays, in particular, is comparable in
importance to the detection of neu-
trinos when the supernova first



ou know how it was as a
kid. You stared at the sand
long enough and out of the
corner of your eye you spotted
something no one else saw.
And it was the catch of the day.
We look at the oil business
like that. We can drill where
everyone else does. Or we can
use innovation to drill where
no one has drilled before. We
can build new refineries. Or
we can apply new technology
to the ones we have so they
work more efficiently.

That’s why we were one of
the pioneers of the North Sea
drilling venture known as
Ekofisk. A city at sea, it was
the first major oil field ever
discovered in Western Europe.

We led the way in low-cost,
high efficiency refining tech-
nology for the production of
quality premium unleaded fu-
els. And when others saw no
potential in bottom-of-the-
barrel crude, we developed
the process that refines it into
high quality gasoline.

And below our offshore
rigs, a thriving undersea
world complete with mussels,
starfish, and scallops tells our
environmental story. They re-
gard the structure as a natural
reef, and we don’t see any rea-
son to tell them otherwise.

Like a child searching for
treasure, when you’re looking
for the undiscovered it doesn’t
matter as much where you look
ashow wide youopenyoureyes.

For more information write
to Patricia Marshall, Phillips
Petroleum, 16D-4 Phillips
Bldg., Bartlesville, OK 74004.

Phillips Petroleum Company
Performing to meet
the challenge of change.

IF YOU LOOK HARD ENOUGH,
YOU'LL BE SURPRISED WHAT YOU MIGHT FIND.
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An ionic “crystal’” can be created if confining,
inward forces balance the ions’ mutual repulsion

IONS trapped by electromagnetic fields can form a diffuse cloud (left) or a geometric
array (right), depending on the power of an illuminating laser and the amplitude of the
trap’s fields. The images were made at the Max Planck Institute for Quantum Optics.

appeared, which confirmed theories
about how such explosions begin.

Investigators hope future obser-
vations will help them to unravel
the history of 1987A’s precursor star:
Sanduleak —69 202, a blue giant. Such
stars were thought to be too hot and
young to explode. Some investiga-
tors maintain, however, that Sandu-
leak was once a red giant and that
thousands of years ago it shed its out-
er layers in the form of solar wind.
According to Robert P. Kirshner of
the Harvard-Smithsonian Center for
Astrophysics, data from the Interna-
tional Ultraviolet Explorer satellite
support this view: the data show the
ultraviolet flash from the supernova
heating up a slower-moving gas rich
in nitrogen, thought to be a compo-
nent of the outer shells of red giants.

Workers are also seeking to deter-
mine whether the explosion of San-
duleak left a remnant. The burst of
neutrinos that accompanied the ex-
plosion suggests that the core col-
lapsed to form a neutron star. If
the neutron star is rotating rapidly
enough, it may be detectable as a
pulsar—an emitter of highly period-
ic bursts of electromagnetic energy.
Thomas A. Prince of the California
Institute of Technology points out,
however, that the fact that a pulsar
has not yet been detected places an
upper limit on its intensity.

Perhaps the most puzzling obser-
vations are those made by a team
from Harvard working with a tech-
nique called speckle interferometry.
Last June the team announced it had
spotted a mysterious ‘“companion”
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to the supernova (see “Science and
the Citizen,” July, 1987). The investi-
gators have not detected the com-
panion in later observations. More re-
cently they reported that they had
measured the diameter of the super-
nova and found it to be about five
times wider than conventional the-
ory would predict. Robert V. Stach-
nik of NASA, who is familiar with the
group’s work, maintains that the ob-
servations should be taken seriously.
“They are over to the side somewhat
now,” he notes, “but they may turn
out to be very important.” —J.H.

Freezing Ions

Electromagnetic traps turn ion
“gases’ into “crystals”

or more than a decade investiga-

tors have been isolating ions (at-
oms that have lost or gained one or
more electrons) for extended periods
in electromagnetic traps: complex
arrangements of electric or magnet-
ic fields that confine slow-moving,
charged particles in a small volume.
Investigators do this, for example, to
study the transitions of an electron
from a higher to a lower energy state
in individual ions. Now workers at
the Max Planck Institute for Quantum
Optics in West Germany and at the
National Bureau of Standards in Boul-
der have observed trapped ions un-
dergoing an entirely different kind
of transition: from a cloudlike state
in which the ions move randomly
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about to a crystalline state in which
they are held fixed in aregular array.

Although the two groups used
different metallic ions, their trap-
ping techniques were essentially the
same. They collected a small num-
ber of neutral atoms by vaporizing a
bit of metal in a vacuum chamber.
An electron beam traversing the
chamber ionized the atoms, which
were then immediately “cooled,” or
slowed down, so that their tempera-
ture (which reflects their kinetic en-
ergy)was only a few thousandths of a
degree above absolute zero (about
—273.16 degrees Celsius). This was
achieved by directing a beam oflaser
light against the ions’ direction of
motion. The light in effect exerted an
opposing pressure on the ions, caus-
ing them to come to a near standstill
in the center of an electromagnetic
trap. While the ions were confined in
the trap they were kept bathed in la-
ser light, since it induced them to flu-
oresce. The fluorescence (as a func-
tion of the laser’s wavelength) could
then be analyzed to gather informa-
tion on the energy state of the ions.
In addition, both groups of workers
took advantage of the fluorescence
in order to image the ions directly.

In general trapped ions are in con-
stant (if bounded) motion, so that
they appear as a diffuse “cloud” in
such images. Yet it had been predict-
ed that trapped ions could be held
still if the inward force exerted on
each one by the trapping electromag-
netic field was balanced against the
electrostatic repulsion among them
(which arises from the fact that all the
ions had like charges). In such a case
the ions would naturally arrange
themselves in an ordered, symmetri-
cal structure.

As they report in the same issue of
Physical Review Letters, both teams
succeeded in stilling the ions by care-
fully adjusting the strength of the
trapping field and the power of the
cooling laser. As expected, the im-
ages distinctly show a small number
of ions “frozen” in a geometric pat-
tern, much as they are in ordinary
crystals. The ionic crystals could
then be easily “melted,” so that the
ions returned to a cloudlike state.

The two groups intend to analyze
further the dynamics of the crystal-
lized ions as well as their preferred
geometric configurations. The U.S.
group has already measured the vi-
brational frequency of one of a pair of
frozen ions. Such experiments may
yield insights on how physical sys-
tems change from ordered to disor-
dered states. —Gregory Greenwell
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an informed purchase. But your satisfaction
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THE NEW INFRALUX

T Pain emanating from

¥ 2 / : inflamed joints and

? = | muscles can be excruciat-

F 8 | ing Just ask sufferers of

' " bursitis, neuralgia, or

v 7 arthritis. Infrared heat is

; the natural remedy pre-

ferred by doctors and thera-

| pists to dispel such nerve-

racking pain. Recently

redesigned, the Infralux

= infrared therapeutic heat-

ing unit for personal use now is contoured, angled

for reaching back and neck. The heating surface

is tripled and the replaceable 10-watt bulb gives

45% more heat. Hi/low settings. Plugs into house-

hold outlet. UL listed. Unit with case $39.95 #1140.
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TO YOUR HEALTH

ncient mandarins dating
back 800 years believed that
these Chinese Exercise
Balls induced well-being
of the body and serenity
of spirit. These treasured

giftswere given to Presi-

dent Reagan and his

wife while visiting the
Peoples Republic of
China. The Chinese say that
rotating the balls in the palm of each
hand stimulates the fingers and
acupuncture points, and improves circula-
tion of vital energy throughout the body.

Sports enthusiasts, musicians, computer users
and health-conscious people everywhere consider
them great muscle conditioners. Arthritis suf-
ferers feel a decided benefit from this gentle but
challenging excercise. Very effective for relaxa-
tion and meditation, Chinese Exercise Balls emit a
distantly mysterious chime as you turn them.
Beautifully hand crafted, 45mm. hollow polished
chrome balls are perfectly weighted and fit com-
fortably into the average man’s or woman’s hand.
In exquisite silk brocade box. $29.95 #1700.

L YLE RESOURGE™

YOUR SMILE IS BEAUTIFUL

ut youre only fooling yourself if you
hink it’s proof of healthy teeth and
gums. The unseen enemy is a natural mouth
substance deposited on the teeth - plaque.

Unchecked, plaque develops into rock-hard
tartar behind which decay breaks down the
tooth enamel and invades the soft, sensi-

Hand brushing’s motion

misses plaque.

tive substructure. You have to remove the
plaque before it hardens to prevent the
process. Until recently there was no easy
solution to this problem, but now there’s

Interplak, a precision-engineered, univer-
sity-tested, three-speed plaque removal
instrument. Its 10 independently driven

bristle tufts rotate around their own axes: each tuft spins
in the direction opposite to the spin of its neighbor at
4,200 rpm. The bristles are soft and rounded, adhering to
dentistry recommendations, so that virtually every particle of
plaque—98% of it—is removed gently and without irritation.
Interplak even reaches between teeth and around orthodontic
braces. Children think it’s fun, so they're eager to brush. Interplak
is cordless and easily stores in a free-standing or wall-mounted
recharger/holder. Individual color-coded brush heads are avail-
able. The Interplak Home Plaque
Instrument
charger and two brush heads. |
#1110. Two -

brush heads $29.95 #IIII. e

Removal

$99.95

ZONE OF CALM

oise produces stress in the human organism.

Today the volume of civilization nearly
everywhere seriously interferes with our abilities
to relax, read, sleep, concentrate or otherwise
function at optimum efficiency. But you needn’t
be victimized by noise pollution. The Marsona
Sound Conditioner electrically synthesizes a
variety of pleasing natural sounds that help
mask out and reduce the annoyance of unwanted
noise. You can simulate the sounds of ocean
surf, summer rain, mountain waterfalls. You
control not only the volume but also wave
pattern, wave or rain rhythm, the seeming
nearness or distance of the source. The Marsona
is the finest instrument of its kind on the
market, solid-state electronics designed for
continuous use (electrical draw only 5 watts).
UL-listed. $139.95 #1860.
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The counter-rotational
movement cleans plague.

with

additional |

A TIMELY RETURN TO
THE CLASSICS

ack in the 1920’s and 30’s, the world’s

honored watchmakers were creating elegant
timepieces that ultimately became valued
works of art, fine heirlooms treasured for their
imaginative yet functional design. Two of these
classics are recreated with precision quartz
movements accurate within a minute a year. The
famous Retro Classic with silver brushed face
curves to the wrist with contoured case, curved
crystal. The antique-looking Moonphase revives
a mystique that captivated moon-watchers eons
before there were moon-walkers. The gold moon
ina starry skymoves through a crescent window.
Entrancing! All the delicate detail of the
original is recaptured and a discreet date
window added. Both styles $59.95. Retro Classic
#1590 Ladies or #1600 Men’s. Moonphase #1570
Ladies or #1580 Men’s.
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WORRY-FREE WATERING

Water grows things best when it arrives
at regular intervals, a fact that some-
times gets by old Mother Nature. Now you
can give your lawn or garden the advan-
tage of timely watering. The new Rainma-
tic 2000 automatically turns water on
and of f up to four times a day, seven days
a week, a different schedule every day.
Lets you set any length watering interval.
Easily programmed to set up your own
customized watering schedule or use
built-in program. One-touch manual over-
ride. Great for sprinklers and drip/trickle
systems. Operates all season on four
alkaline D-cells (not included). Weather-
protected electronic circuitry. LCD read-
out with digital clock. Locks on to faucet.
Only $49.95 #1080 with one-year war-
ranty and instruction manual.

AN AMERICAN CLASSIC

38,000 HOUR LIGHTBULB!

he problem with bulb savers is theyreduce

light output by almost 50%. But the pa-
tented, UL listed Power Mizer has solved that
problem. These little buttons are activated by a
state-of-the-art microcontrol switch that limits
voltage to the bulb to 85%, thereby prolonging
the life of the filament. Light bulbs using Power
Mizer lose so little perceptible light that a foot-
candle meter is needed to calculate the light
loss. Under normal conditions, the Power Mizer
will extend the life of a regular one-way 100W
bulb from 750 hours to 38,000 hours or about
fouryears if used 24 hours every day! Many major
hotels, corporations and universities use these
types of devices in hard-to-
reach places. They pay for
themselves in light bulbs,
labor and energysavingsin
no time. Set of 6 Power
Mizers $19.95 #1980; 12 for
$29.95 #1990.

he Shaker bench, the Appalachian Quilt, the Adirondack chair: all
are superb examples of native American design and craftsmanship
that have endured over the years, virtually unchanged. The very best of
the Adirondack chairs are still made in the Adirondacks, in Willsboro,
N.Y,, on the shores of Lake Champlain. Willsboro’s skilled woodworkers
have done more than just re-create the original Adirondack chair
they've added refinements such as a fully contoured seat and 5" wide
arms for the ultimate in comfort. And the workmanship! Not a screw in
sight - not even a capped screw, just solid maple pegs in the true yankee
manner. The rich rock maple is an extremely dense and attractively
grained wood, all sanded to a fine furniture finish - no sharp corners or
splintering. Willsboro’s artisans have incorporated a unique (and
patented) tongue-in-groove folding mechanism that lets you fold the
chair to a mere 10” thickness; sturdy hardwood locking pins secure it in
the open position. When each piece is completed, it is treated with Willsboro’s special zinc-
based, rot-resistant clear protective finish; leave them to weather naturally or they can be
| painted. There never has been an Adirondack chair like this...and we have a matching footrest
forit, designed to create a chaise lounge, and an end table to go alongside - both constructed in
the same fine tradition - an American classic. The chair is 38" x 14" x 20", $129.95 #1880.
The footrest is 14”x 20”x 22", $69.95 #1890. The end table is 16”x 14" x 24", $59.95 #1900.
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HERE’S ONE FOR THE ROAD

hink how annoying it is to be stranded on a

strange road at night. We thought about it
too, and we put together this terrific auto
emergency kit with all the high-quality essen-
tials you need to get you moving again: the
booster cables are heavy-duty, 100% copper
with rugged alligator clamps; the 2 safetyflares
strike as easily as matches (and are approved
in all 50 states.) You also get a can of Fix-a-Flat,
a 12V spotlight, a hand-pumped gas siphon (no
gas in your mouth), a water bag, repair wire,
electrical/hose tape, a bungee (shock) cord,
help flag, first aid kit, and moist towelettes to
clean up with—all in a compact plastic case
that stows easily in a corner of your trunk.
Don't flirt with disaster—for the cost of a
single service call—be prepared. $39.95 #2020.




THE COLD BUSTER

oW a major scien-
tific breakthrough
—The Viralizer® System—
prepares you for the
onslaught of the cold season.
It’s the newest development of
a concept pioneered at the
Pasteur Institute in Paris. The
cause of the common cold
is the Rhinovirus family
which lives and multi-
plies in the nose and
throat, but cannot thrive
in temperatures over 110°F.
. 9 The Viralizer is designed to
deliver a gentle, controlled
g g heat which penetrates the
. nose and throat, creating a
hostile environment for cold viruses. After a
pleasant heat treatment, the Vira-Spray dis-
penses either of two mild, over-the-counter,
medicated sprays. Vira-Spray I is an analgesic,
anti-bacterial spray. Vira-Spray II is a decon-
gestant. These therapeutic sprays further dis-
courage the stubborn cold germs so you're less
likely to be re-infected or spread your cold to
others. The Viralizer can produce effective
relief by using it for only 3 or 4 minutes, several
times a day. Proven in clinical tests 90%
effective on eliminating the symptoms of upper
respiratory infection in 24 hours or less, the
Viralizer works without pills. Viralizer, is safe
for children and adults, has been tested
and recommended by doctors. The
complete Viralizer® System in-
cludes 1 electric Viralizer with
Vira-Spray 1 and Vira-Spray Il
plus a 3-pak refill 4N
of medicated
sprays. $39.95 |
#1690.

WHEN YOU'RE IN A HURRY
When you’re running short of time, ask one
of our phone operators about UPS Blue Label
delivery. In most cases, we can get your
shipment to you in three or four working days.

CALLTOLL-FREE 800-872-5200
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THE LIFELINE GYM

he Lifeline gym is the most space efficient, time efficient home

fitness device on the market today. You can simulate just about any of
the exercises done on the expensive machines found in health spas and
gymnasiums. The reason is latex—a unique stretchable latex resistance
cable, similar to the type used to stop planes on aircraft carriers. With this
latex cable, resistance increases with movement—your muscles are
challenged through their full range of motion. These variable resistance
exercises provide an excellent workout for a beginner as well as a
challenge for a pro. The Lifeline Gym is so successful it is used by the
Chicago Bears, The U.S. Ice Hockey team, and the UCLA track team to
name a few. Adjustable for individual strength levels and for different

body shaping and toning. The
gym includes a lifting bar,
resistance cable, stirrups,
exercise belt, door attach-
ment and a comprehensive
fitness guide that outlines
over 25 exercises. Everything
packs into a compact carry
case, so you can enjoy the
benefits of a complete work-
out anywhere. $49.95 #1840
Ladies or #1850 Men’s.

The Lifeline Gym
1s so successful it
is used by the
Chicago Bears,
The US. Ice
Hockey team, U.S.
Women’s Volley-
ball Team, and
the UCLA track
feam

8K POCKET COMPUTER

JEWELRY TAKES A SHINE

LIFESTYLE RESOURLE
800-812-5200

Introducing the world’s first double line 8K
pocket computer, no larger than a credit
card. With the revolutionary 8,000 character
Platinum Business Card you can create a data-
base: store up to 500 names, addresses and
phone numbers, easily add, delete or edit
information, program 6 currency exchange
rates into the memory and also have a 4
function calculator. Then at the touch of a
button, view it on the two line, easy to read, 40
character (the biggest of its kind) screen.
Maintain a travel expense record, enter mes-
sages or appointments — then retrieve data
quickly with the automatic alphabetical sort.

Security code safeguards confidential data. Bat-
tery with memory backup included. $49.95 #1820.

righten up your jewelry and restore the

luster it had when you first wore it. Without
the bother of taking it to a jeweler, or the
difficulty of trying to clean it yourself. You'll
welcome this remarkable, quick and easy pro-
cess made possible by the science of ultrasonics.
High-frequency sound vibrates ever so gently,
creating unseen waves which act on a specially
formulated cleaning solution. Makes jewelry
come clean in minutes with no effort on your
part. Everything gleams, sparkling new again—
precious and semi-precious metals and stones.
Even works well on dentures, using regular
denture cleanser tablets. Complete twin tank
system includes 6 oz. bottle cleaner solution, rinse
tray, brush, dust cover. UL listed. $36.95 #1630.
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Seeing Red

Have astronomers glimpsed
the bright birth of galaxies?

here are the youngest galaxies,

spawning multitudes of stars
from primordial gas? One might ex-
pect protogalaxies to be abundant
among the most distant objects seen
from the earth: because of light’s fi-
nite velocity, such objects represent
the remote past. Of the most distant
objects detected so far, however,
nearly all are quasars—enigmatic
point sources of light as bright as an
entire galaxy.

Now a team of astronomers at the
University of Arizona has recorded
evidence for what might be an entire
population of protogalaxies lying be-
yond the most distant quasars. The
candidate protogalaxies, reported at
the American Astronomical Society
meeting in Austin, Tex., might lie as
far away as 17 billion light-years and
date from as early as two or three bil-
lion years after the big bang.

The investigators, Richard Elston,
George H. Rieke and Marcia J. Rieke,
made the observation with a camera
incorporating an array of solid-state
detectors sensitive to wavelengths of
two micrometers, in the near-infra-
red region of the spectrum. Such
infrared array detectors, vastly more
sensitive than single-element detec-
tors and photographic films, have be-
come available only in the past three
years and have transformed infrared
astronomy.

High sensitivity to infrared light is
needed to see objects at great re-
moves of space and time. Because
the universe is expanding, galaxies
and other objects are receding from
the earth at rates proportional to
their distance. The recession is evi-
dentin a shift of their light toward the
red (longer wavelength) end of the
spectrum.

Last spring Elston and the Riekes
coupled their camera to the 61-inch
telescope at the University of Arizo-
na’s Steward Observatory and im-
aged a region of the sky well away
from the obscuring dust in the plane
of the Milky Way. After each expo-
sure the observers photographed a
second field offset from the first one
and electronically subtracted the sec-
ond image from the first to eliminate
errors due to atmospheric variation
and flaws in the detector array. The
data from the 100 or so ‘“flattened”
images were then added together.

The resulting image showed sever-
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al fuzzy objects only one ten-thou-
sandth as bright as the background
infrared glow of the sky. At visible
wavelengths the objects were even
dimmer. When the workers exam-
ined the same region of the sky with
an optical detector mounted on a
larger telescope (the 90-inch instru-
ment on Kitt Peak), they detected
only two of the objects, shining only
one-twentieth as brightly at visible
wavelengths as in the infrared.

The fuzziness of the objects sug-
gested they are not nearby stars or
distant quasars but galaxies. It was
the sharp difference in their lumi-
nosity at infrared and visible wave-
lengths that led the Arizona group to
propose that they may be protogal-
axies at extremely high red shifts.
“The prediction had been made,” El-
ston says, “that primeval galaxies
would look like what we found.”

A protogalaxy, filled with short-
lived, massive stars, is expected to
shine brightly. Because the galaxy
would also be rich in primordial hy-
drogen, however, its luminosity is
expected to drop sharply at wave-
lengths shorter than the so-called Ly-
man limit, where hydrogen begins to
absorb radiation. For nearby proto-
galaxies the Lyman limit would fall in
the ultraviolet part of the spectrum,
butit would be displaced redward for
more distant objects. For protogalax-
ies at a red shift of between 6 and 25
(the number refers to the factor by
which recession velocity increases

wavelength) the discontinuity would
fall between the near-infrared band
and the visible band.

That is just where the luminosity of
these new objects drops off sharply.
Elston and other astronomers cau-
tion, however, that the identification
of the objects as protogalaxies at
high red shift is extremely tentative;
the Arizona group plans follow-up
observations that will include an at-
tempt to record the objects’ spec-
trum, which might yield a precise
value for the red shift. Nevertheless,
according to Harding E. Smith, Jr., of
the University of California at San
Diego, “It would be very exciting if it
were true.”

For one thing, the presence of two
of these intriguing objects in the tiny
patch of sky imaged by the Arizona
group suggests that they are abun-
dant: as many as 1,000 of them may
populate each square degree of sky.
The existence of many galaxies so
soon after the big bang would com-
plicate a widely accepted account of
how density fluctuations first formed
in primordial matter. The scenario,
known as the cold-dark-matter mod-
el, holds that matter was evenly dis-
tributed until quite late in the history
of the universe, well after the ep-
och in which protogalaxies may now
have been spotted. “If all galaxies
formed this early,” says Simon D. M.
White, a cosmologist at the Universi-
ty of Arizona, “the theory goes out
the window.” —Tim Appenzeller

MEDICINE

Decoy

One potential drug would lure
the AIDS virus to a false target

s investigators gain a deeper
Amderstanding of the life cy-
cle of HIV, the virus that
causes AIDS, they are applying the
knowledge in attempts to synthesize
agents tailored to interrupt the cycle
at specific points. In the most recent
example of this method of drug de-
sign, workers have built on knowl-
edge of how the AIDs virus locates
and binds to certain cells of the im-
mune system. They have found a
way to interrupt the binding process,
at least in a laboratory dish, by creat-
ing what are essentially decoys. The
virus binds tightly to the decoys and
is thereby prevented from attacking
genuine immune-system cells.
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The decoys are based on a mole-
cule called CD4 or T4, a protein em-
bedded in the membrane of some
cells of the immune system. In the
protein envelope of the AIDS virus
there is a molecule called gpl20,
which recognizes and binds to the
CD4 molecule, enabling the virus to
invade the cell.

The binding between gpl20 and
CD4 is also important in later stages
of the virus’s attack. Once the HIV
genetic material has been inserted
into the DNA of the infected cell and
activated, the infected cell itself
produces gpl20 molecules, some of
which are incorporated in the cell
membrane. There the gp120 can bind
to the cell’s own CD4, wrinkling and
distorting the cell membrane until
it ruptures. Alternatively, the gp120
can bind to the CD4 in the membrane
of other, uninfected cells. The unin-
fected cells and the infected one then



THE NEW CHRYSLER LEBARONS.
BEAUTY.WITH A PASSION FOR DRIVING.

The new Chrysler LeBarons have been called
the most beautiful cars to come out of an American
design studio in over a decade.

Others, however say their true beauty is re-
vedled on the open road. And not without reason.
Beneath their sleek, fluid lines breathes a
2.2-liter multi-point EFl turbo® that unleashes

146 spirited horses.

Plus all the right hardware—advanced front-
wheel drive, quick-ratio rack-and-pinion steering,
gas-charged shocks—to tame the most
demanding roads.

The new Chrysler LeBaron convertible
possesses a rare distinction. Not only does it

*Dpticnal 15es imited warranty o dedler Restriclions opply BUCKLE UP FOR SAFETY
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offer exceptional beauty and luxury—it is designed
and built as a true convertible from start to finish..for
a smooth, quiet ride.

Chrysler backs every LeBaron engine,
powertrain and turbo with a Z-year/70000-mile
Protection Plan! And outer body rust-through for
7 years or 100000 miles.

See the beauty. Feel
the passion. The Chrysler
LeBarons. Buy or lease at | V
your ChryslerPlymouth [ Chrysles 1/10

dealet Divishan of Chrysie Malors

CHRYSLER. DRIVING TO BE THE BEST.
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fuse to form an entity called a syn-
cytium. Molecules of gpl20 on the
surface of the syncytium continue
to bind to uninfected cells, bringing
them into the syncytium. The result
is that a single infected cell can dis-
able as many as 500 uninfected cells.
Now, in five nearly simultaneous
papers in Science and Nature, investi-
gators working at a number of re-
search institutions and pharmaceuti-
cal companies report independently
that they have created fragments of
the CD4 molecule that bind to gp120.
When AIDs virus is added to a petri
dish containing these fragments as
well as cells that have CD4 in their
membranes, the virus binds to the
CD4 fragments instead of invading
the cells or causing syncytia to form.
If CD4 survives a long series of ani-
mal tests and clinical trials, it will
probably be administered in combi-
nation with drugs that attack the vi-
rus at other points in its life cycle.
One example is zidovudine (AZT),
which interrupts reverse transcrip-
tion. That is the process in which the
virus’s genetic information, encoded
in RNA inside the virus, is copied into
DNA to be integrated into the genetic
information of the infected cell. AZT
is effective in patients with advanced
cases of AIDS: the one-year mortality
rate for patients taking AZT is about
10 percent, as against about 50 per-
cent for similar patients who are not
taking it. In addition, AZT has been
shown in some instances to block or
even reverse the effects of AIDS on
the central nervous system.
The drawback of AZT is its toxicity.
It attacks the bone marrow of about
40 percent of the patients who take:it.
A treatment that may avoid this prob-
lem has now been described in The
Lancetby Robert Yarchoan of the Na-
tional Cancer Institute and his col-
leagues at the NCI and at other insti-
tutions. Their treatment involves di-
deoxycytidine (ddC), which blocks
reverse transcription much as AZT
does but has a different toxicity: it at-
tacks patients’ peripheral nerves. In
an initial trial in which patients alter-
nated weekly between taking AZT
and taking ddC, the alternating treat-
ment was shown to be effective and
to reduce the toxicity of both drugs.
A similar drug, dideoxyadenosine,
will soon undergo trials. Some alter-
nation of reverse-transcription inhib-
itors could be the second ingredient,
with CD4, in a therapeutic cocktail.
As for other stages of the virus’s
life cycle, investigators are exploring
awide range of candidate treatments.
As Samuel Broder of the NCI says,
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“we now have more candidates that
work in the test tube than can reason-
ably be tested in clinical trials.” One
agent, now entering animal trials, is
castanospermine, which blocks the
formation of HIV envelope protein.
Other agents under consideration in-
terfere with the assembly of new vi-
rus components in infected cells or
with the “budding” of completed vi-
rus particles from those cells.

Not one of these drugs represents
even a potential “cure” for AIDS. At
best they might act as palliatives to
extend the life of patients with late-
stage cases of AIDS and to prevent pa-
tients in the earlier stages of the dis-
ease from progressing to later stages.
Indeed, according to William Ha-
seltine of the Dana Farber Cancer In-
stitute, the two kinds of patients
in which these agents could do the
most good are those who have been
infected by the virus but do not yet
show symptoms of AIDS, and those
who are at high risk of being exposed
to AIDS (including fetuses and infants
of mothers with AIDS).

Themajor problem now, according
to Martin S. Hirsch of the Harvard
Medical School, is in moving promis-
ing agents into clinical trials: “There
is simply not enough funding avail-
able at the Federal level to get the job
done. There are patients who should
be in clinical trials, who are willing
to be in clinical trials, who can’t be.”
Until such trials are carried out, no
amount of basic research on the mo-
lecular biology of the virus will lead
to a therapy. —Ari W. Epstein

Dial-a-Doc

When is a medical “specialist”
in the Yellow Pages a specialist?

ome people who let their fingers

do the walking to find a physician
in the Yellow Pages will soon have
better information on which to base a
decision. Beginning in March, Yellow
Page telephone directories in sever-
al regions of the country will distin-
guish physicians who are certified by
a recognized specialty board from
those who are not.

The American West Directory
Company of Costa Mesa, Calif., decid-
ed to include certification informa-
tion supplied by the American Board
of Medical Specialties (ABMS) after
Julia M. Reade of the Massachusetts
General Hospital and Richard M. Rat-
zan of the University of Connecticut
Health Center published a study indi-



cating that many self-designated spe-
cialists lack certification from a rec-
.ognized specialty board. The study,
published in the New England Journal
of Medicine, showed that 12 percent of
the specialists listed in the Yellow
Pages in Hartford, Conn., were not
certified by any of the specialty
boards recognized by the ABMS.

It might be supposed that someone
who advertises as an internist, for ex-
ample, has some specialized training
ininternal medicine. Actually the law
allows licensed physicians to de-
scribe themselves as they please.
Some Yellow Pages do, however, al-
ready carry warnings to the effect
that an advertised specialty does not
necessarily reflect certification.

The law makes it difficult for the
profession to police itself. For many
years the American Medical Associa-
tion opposed advertising, but it gave
in after the Federal Trade Commis-
sion sued it in 1975 for unlawful re-
striction. The AMA’s Council on Ethi-
cal and Judicial Affairs now allows
advertising that does not mislead or
deceive.

Finding a physician who is board-
certified in a specialty can be confus-
ing. The AMA’s Directory of Physicians
includes self-designated specialties
as well as board certifications. Only
23 specialty boards are recognized
by the AMA and the ABMS. Yet accord-
ing to the ABMS’s executive vice-pres-
ident, Donald G. Langsley, there are
about 70 self-designated ‘“boards”
that are not recognized, and some
categories in Yellow Pages do not
correspond to any recognized board.

Reade notes that many noncerti-
fied specialists did complete their
specialty training but never took a
certification examination. Of great-
er concern are those who advertise
themselves as specialists in fields in
which they have no particular train-
ing whatever. —T.M.B.

Setting the Pace

Are many pacemakers
implanted unnecessarily?

In 1983 more than 120,000 pacemak-
ers were implanted in the U.S. at a
cost of some $12,000 each. Designed
to maintain steady contractions of
the heart muscle in patients whose
heartbeat is arrhythmic or exceed-
ingly slow, these small electrical de-
vices are thought to be lifesavers for
the millions who.have them.

Not necessarily, say investigators
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at the Albert Einstein Medical Center
in Philadelphia. In the New England
Journal of Medicine Allan M. Green-
span and his colleagues write that
less than half (44 percent) of the
pacemakers implanted in Philadel-
phia in 1983 were clearly justified
on medical grounds; 36 percent were
of questionable medical value and
20 percent had no medical justifica-
tion whatsoever.

The study was based on an in-
depth review of the medical charts of
382 Medicare patients who received
pacemakers from January through
June of 1983 at 30 hospitals in the
Philadelphia area. An eightmember
panel of experts, which included
four board-certified cardiologists, re-
viewed the patient data and conclud-
ed that one in five pacemaker in-
sertions was unnecessary. That held
true for every hospital included in
the study, regardless of its size or ac-
ademic affiliation.

Pacemaker implantation is a rela-
tively uncomplicated, low-risk pro-
cedure. Experts acknowledge that
the pressures to implant the devices
have been high. Physicians and hos-
pitals stand to gain sizable financial
rewards from the procedure; when in
doubt, moreover, physicians are like-
ly to recommend it for fear of mal-
practice suits.

In 1986 Medicare enacted a Quali-
ty Assurance and Utilization Review
program and now requires advance
authorization for every Medicare-
funded pacemaker procedure. Ac-
cording to Roman W. DeSanctis, who
is director of clinical cardiology at
the Massachusetts General Hospital,
“they are pretty strict about it.” Al-
though he is impressed by Green-
span’s data, he thinks that inappro-
priate implantation has decreased
significantly since 1983 and that the
study must be repeated with 1987
data to be meaningful.

Greenspan intends to do just that.
He agrees that the number of pace-
maker implants has quite likely
dropped as a result of Medicare’s vig-
ilance, and he is eager to know by
how much. “One of my major con-
cerns,” he says, “is that pacemakers
can be psychologically debilitating,
especially when they are not really
needed. For many older patients they
signal the end of a productive life.”

Should patients who have pace-
makers they do not need rush out to
have them removed? Absolutely not,
say the experts. Although implanta-
tion carries a slight risk of infection,
for the most part pacemakers are be-
nign devices, unlikely to cause prob-

lems even when they are inappropri-
ately implanted. —Laurie Burnham

Optrodes

Fiber-optic sensors may speed
the analysis of human blood

In today’s hospitals the analysis of
a patient’s blood requires at least
10 minutes, since a sample must be
drawn from the patient and taken to a
laboratory. In the future, however,
patients may be monitored instanta-
neously and continuously by means
of tiny fiber-optic sensors, called
optrodes, that are inserted into the
bloodstream.

Typically, an optrode has atits tip a
cavity coated with a fluorescent dye.
A beam of light travels down the fiber
through this chamber and returns
back up. When the dye comes in con-
tact with a specific chemical—a natu-
rally occurring component of blood,
a drug or a pathogen—the result-
ing fluorescence alters the returning
light beam in a way that can be meas-
ured by a spectrometer.

John 1. Peterson of the National
Institutes of Health, who invented
one of the first biomedical optrodes,
a pH probe, in 1976, notes that only
one optrode-containing product has
been marketed so far and that more
research must be done to produce
economic products. “But work is
progressing,” he says. Fiber-optic

sensors, he explains, have several
advantages over in vivo electronic
sensors, which are also being devel-
oped. Optrodes are less vulnerable to
corrosion in the warm, salty environ-
ment of the bloodstream than metal
electrodes, they do not require elec-
tricity and are therefore safer, and
they are immune to the distorting ef-
fects of electromagnetic fields.
Cardiovascular Devices, Inc., in Ir-
vine, Calif, marketed the first op-
trode-based product five years ago.
The machine monitors carbon diox-
ide, oxygen, pH and temperature out-
side the body, in blood pumped out
of a patient by an artificial heart dur-
ing open-heart surgery. The firm is
now conducting clinical trials of a
machine that monitors patients in in-
tensive care with an optrode inserted
into their bloodstream in a catheter.
Several companies, including Eli
Lilly and Company and Abbott Labo-
ratories, are trying to build a small,
portable device that by means of a
catheter can monitor the glucose lev-
els of diabetics for extended periods.
Alfred R. Potvin of Eli Lilly says work-
ers hope ultimately to build optrodes
that can be combined with implant-
able insulin pumps. Another promis-
ing device, according to S. Michael
Angel of the Lawrence Livermore
National Laboratory, would perform
what is called a fluoroimmunoassay.
In its simplest form an optrode is
coated with an antibody that fluores-
ces when it comes in contact with its
corresponding antigen. —J.H.

OVERVIEW

Star-crossed

NASA suffers new problems,
both technical and political

n astrephysicist at the Nation-
Ail Aeronautics and Space Ad-
ministration, in the midst of
describing observations of Superno-
va 1987A made from NASA balloons,
airplanes and satellites, remarked:
“This is the one area where we really
feel as though we’re accomplishing
something around here.”

Indeed, two years after the Chal-
lenger disaster NASA appears more
star-crossed than ever. The agency’s
near-term prospects are clouded by
technical problems it has encoun-
tered in redesigning the shuttle’s sol-
id-fuel boosters. NASA officials have
announced that the problems will de-
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lay the resumption of shuttle launch-
es, which had been scheduled for
this June, by at least two months.
Other experts predict the delay will
be much longer.

A lack of direction from the White
House poses a more serious and far-
reaching problem. President Reagan
had been expected to outline a broad
new vision of America’s future in
space in his State of the Union Ad-
dress on January 25, but he men-
tioned only the Strategic Defense Ini-
tiative. The following day the heads
of NASA and of the departments of
Commerce and Transportation were
scheduled to unveil a new space poli-
cy drawn up by the Administration at
a press conference, but White House
officials canceled the meeting an
hour before it was to begin.

In an interview with SCIENTIFIC
AMERICAN William R. Graham, sci-
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ence adviser to the president, has
provided a preview of the new poli-
cy. Graham noted that predictions
in the press that the policy would
emphasize colonization of the moon
and a manned flight to Mars, possibly
with the Soviet Union, were wrong.
He said the Administration had delib-
erately avoided choosing a particular
destination as a goal around which
NASA could marshal its efforts. ‘“De-
spite the success of the moon-land-
ing program,” he remarked, “that
has shown itself not to be a useful
long-term policy.”

The policy also prohibits NAsA
from designing and developing tech-
nologies, and launch vehicles in par-
ticular, that it can buy from the pri-
vate sector. “We don’t want NASA
to compete with private enterprise,”
Graham explained. Indeed, the Ad-
ministration’s policy seems based
on the assumption that constraining
NAsA will stimulate more investment
in space activities by the presumably
more efficient private sector. This
philosophy of “privatization,” ac-
cording to some observers, reflects
the growing influence of the Com-
merce Department, which since 1984
has been authorized by Congress to
promote commercial space ventures.
Privatization, the Commerce Depart-
ment has learned, does not always
produce positive results immediate-
ly. In 1985 the department turned
over the management of its Landsat
remote-sensing satellites to a private
company. Called the EOSAT Co,, it is
now operating under a large deficit.

One measure of the Commerce De-
partment’s influence is the support it
has won for a relaxation of Feder-
al limits on the resolution of civilian
satellite images. The limits, imposed
more than a decade ago at the urging
of U.S. intelligence officials, have in-
hibited U.S. companies from develop-
ing satellites with a resolution better
than Landsat’s, which is 30 meters.
France and the Soviet Union now of-
fer satellite images with a resolution
of 10 and five meters respectively.
Graham acknowledged that the new
space policy included a proposal to
“broaden the range of considerations
in remote sensing” and added: “We
want to ensure that U.S. entities have
the ability to compete with the sys-
tems of other countries.”

The Commerce Department has
also lobbied effectively for funding
by NAsA of an orbiting laboratory sta-
tion designed by a private company,
Space Industries, Inc. Called the In-
dustrial Space Facility (ISF), it is in-
tended to be an automated materials-
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processing laboratory that would be
visited by workers only occasional-
ly for maintenance. Maxime A Faget,
the company’s president, estimates
that the ISF could be built with off-
the-shelf parts for about $700 mil-
lion and launched by the shuttle by
1992. NASA’s own much larger and
more complex space station will cost
at least $14 billion and will not be
completely assembled until 1997 at
the earliest.

Commerce officials have urged
that NASA help to develop the ISF
and then lease it after it is launched.
Graham, although not confirming
reports that the White House had
backed this view, said: “You can
imagine that with our development
of something as substantial as the
space station there should reason-
ably be some activity leading up
to it.” But NASA officials apparently
fear that the ISF might delay—if not
replace—the space station, whose
funding has already been deeply
slashed by Congress. James C. Fletch-
er, NASA’s administrator, recently
told Congress that NASA ‘“does not
now have needs that would justify a
major commitment” to the facility.

Gregg R. Fawkes, director of the
Commerce Department’s office of
commercial space programs, insists
the I1sF will enable the U.S. to take ad-
vantage of the “tremendous econom-
ic potential of microgravity materials
processing in the near term.” He ac-
cuses NASA officials of resisting the
ISF because “they’re most concerned
about perpetuating their existence as
a bureaucracy and trying to defend
their budget and turf.”

John E. Pike, a space specialist for
the Federation of American Scien-
tists, a private watchdog group, says
NASA's fear of the ISF, which he calls
“the Commerce Department’s space
station,” is well founded. “We can’t
get funds for one space station,” he
says, “and now we’re going to have
two?” Pike disputes Fawke’s views
on the near-term potential for profit-
able ventures in space. He points out
that France’s remote-sensing com-
pany, the SPOT-Image Corporation,
like the American EOSAT, is losing
money. The communications and di-
rect-broadcast satellite industries,
although generally profitable, are
nearing the saturation point, accord-
ing to Pike. Of microgravity materials
processing he says, “I think most
people now doubt its value.”

Pike faults NASA too for giving
space science short shrift in its plan-
ning for the space station. He says
the station will be more suited to ma-



terials processing and engineering
research than to astronomy, earth
sciences or plasma physics. The or-
bit of the space station and its ex-
haust, he notes, will preclude many
observations. Thomas M. Donahue,
chairman of the National Academy
of Sciences’ Space Science Board,
points out, moreover, that the Office
of Management and Budget has rec-
ommended that funds for two new
scientific spacecraft, an X-ray tele-
scope and a comet probe, be cut from
NASA’s 1989 budget. “That’s a typical
ordering of priorities,” he complains.
“Space science is the one customer
NASA really has, but it doesn’t get
funded and all the engineering stuff
getsin.”

Donahue acknowledges that in at
least one respect the prospects for
space science have improved in the
past year. Space scientists had com-
plained that the delay-prone shut-
tle is inappropriate for launching
space probes, which often have nar-
row “windows” of time during which
they must be launched. Now NASA is
planning to buy rockets for launch-
ing scientific satellites by the mid-
1990’s. Three scientific spacecraft
scheduled for launching over the
next three years—Magellan, Galileo
and Ulysses—still must be launched
on the shuttle, however. For these
satellites, Donahue says, NASA’s deci-
sionmay be “toolittle, too late.”

Donahue also maintains the Gov-
ernment should seek more cooper-
ative ventures with other nations.
“The U.S.S.R. has already preemp-
ted the high ground” in this area, he
notes, by working with France, Ger-
many and other countries. The U.S.
could take a step in this direction by
teaming up with the U.S.S.R. itself,
Donahue says, perhaps in a project
that would bring a sample of Martian
soil back to the earth. Pike agrees,
but he suggests such a project will
succeed only if backed by a presi-
dent who sees “a larger political pur-
pose” in the space program.

Even U.S. officials trying to depict
the U.S. space program in a more fa-
vorable light seem unable to avoid
irony. Graham contended that “tech-
nologically there is no question that
we’re still ahead of the Soviets in
most areas of space activity.” Sky-
lab, a manned station that orbited
the earth in the early 1970’s, was
larger and “more capable” than the
Soviet Mir station, Graham asserted.
There is a second Skylab, he noted,
“but unfortunately it is mounted to
the floor of the Smithsonian’s Air and
Space Museum.” —John Horgan
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The Nonacoustic Detection
of Submarines

Effective submarine-detection systems that do not rely on the vessels’
sounds are not likely to emerge soon. Yet possible operating principles
are under study, since a functioning system means a military advantage

uclear missiles are carried
Non board submarines of the

U.S.S.R,, France, Britain, China
and the U.S. because they are rela-
tively safe from attack as long as they
are hidden underwater. The fact that
the missiles are secure means that in
a crisis between hostile nuclear pow-
ers there would be little incentive
to launch the missiles to keep them
from being destroyed in a first strike.
Indeed, a nation that safeguards a
capability to retaliate is not likely
to suffer such a strike in the first
place, because the threat of retalia-
tion should deter an adversary from
launching it. For these reasons se-
cure sea-based strategic nuclear for-
ces remain a key element of interna-
tional security. Yet given the prog-
ress of technology, can submarines—
including those armed with strategic
weapons—remain concealed by the
ocean in the future?

Submarines are not in themselves
invulnerable; once they are detect-
ed antisubmarine-warfare (Asw) for-
ces can get an accurate fix and at-
tack them. Since World War I, when
the first methods for detecting sub-
marines were developed, Asw has
grown increasingly sophisticated
and has become an important part of
any naval operation. Traditionally
ASW has been carried out by special-
ized surface ships, aircraft, helicop-
ters and attack submarines and has
been directed primarily at the oppo-
nent’s general-purpose submarines,
which pose a significant threat to air-

by Tom Stefanick

craft carriers, supply ships and other
oceangoing vessels.

Over the past 20 years the US.
Navy has redefined the wartime role
of its Asw forces—particularly its at-
tack submarines—to include threat-
ening ballistic-missile submarines
(SSBN’s) of the Soviet Union and per-
haps going so far as to carry out
strikes against them at the start of
hostilities. Such a strategy is meant
to compel the U.S.S.R. to divert some
of its naval forces, including its own
modern attack submarines, from of-
fensive to purely defensive missions.
Moreover, actual successful attacks
on SSBN’s by U.S. Asw forces are seen
as a way to pressure the Soviet lead-
ership into terminating hostilities.

In this military context it is clear
that the Soviet Union would benefit
greatly from the unilateral deploy-
ment of an effective system by which
to detect and track submarines: the
task of protecting its SSBN’s from U.S.
attack submarines would be made
considerably easier and it would be
able to dispatch its own attack sub-
marines to disrupt sea lines of com-
munication between the U.S. and its
allies. It might even be able to neu-
tralize the U.S. sea-based strategic
force, which accounts for twice as
many nuclear warheads as the Soviet
force. The U.S. would similarly gain a
decisive military advantage if it de-
ployed such a system: its threat to So-
viet SSBN’s would become considera-
bly more potent and the sea lines of
communication could be better de-
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fended against marauding Soviet at-
tack submarines.

f course, one does not need so-
phisticated military surveillance
to find out where submarines are
based. Even commercial earth-imag-
ing satellites can pick out individual
submarines in port. Between 35 and
45 percent of the U.S. SSBN’s are in
port on any given day. Soviet SSBN’s
are at sea only about 15 percent of
the time, although many of the Sovi-
et submarine-launched ballistic mis-
siles can reach US. targets when
fired from port. In the event of a crisis
both sides can probably put most
SSBN’s out to sea within a few days.
When they are at sea, U.S. SSBN’s
can roam submerged and hidden in
expanses of the North Atlantic and
North Pacific. Because the Poseidon
C-3 missile has a range of 2,500 nauti-
cal miles, its warheads can strike tar-
gets in the Soviet Union from within
an area of about three million square
miles. The range of the Trident I C-4
missile expands the area to between
20 and 30 million square miles, since
the new missile’s range is 4,200 nau-
tical miles. British and French SSBN’s,
which will carry hundreds of nuclear
warheads by the mid-1990’s, also pa-
trol the North Atlantic. Most modern
Soviet SSBN’s patrol within several
hundred miles of the Soviet coast in
the Arctic and western Pacific, since
even from such positions their mis-
siles can hit targets in the continental
US. Only two or three Soviet SSBN’Ss,
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usually of the older Yankee class, are
normally on patrol off the U.S. coast.
Regardless of their provenance,
submarines have certain inherent
characteristics, the most conspicu-
ous of which is that they make noise
as they propel themselves through
water. It is because wateris a very ef-
ficient medium for the propagation of
sound that the commonest and most
effective methods of detecting sub-
marines have incorporated underwa-
ter acoustic sensors. There are two
basic types of acoustic detection sys-
tem, known as active and passive so-
nars [see “Advances in Antisubma-
rine Warfare,” by Joel S. Wit; SCIEN-
TIFIC AMERICAN, February, 1981]. An
active sonar emits a pulse of sound
(the familiar “ping” heard in motion
pictures about submarines in World
War II) and then listens for an echo
produced when the sound is reflect-
ed off underwater objects. Unfor-
tunately, in sending out powerful

bursts of sound an active sonar re-
veals its location, making it easier for
a hostile submarine to destroy or
evade it. For this reason U.S. subma-
rines rely largely on passive sonar
when carrying out their missions.
Passive sonar makes use of un-
derwater microphones, called hydro-
phones, arranged in an array to mon-
itor the sounds in the sea. By com-
paring the signals received by each
hydrophone it is possible to deter-
mine the direction from which a par-
ticular sound originated. In addition,
the sound can be compared with pre-
recorded sounds to determine what
type of vessel may be producing it.
Because passive sonar can be applied
to detect, localize and identify a sub-
marine only if the vessel makes
enough noise, both the U.S. and the
U.S.S.R. have implemented a number
of techniques to make their respec-
tive submarines operate more quiet-
ly. They include precisely balancing

rotating parts to minimize vibration;
mounting machinery on sound-ab-
sorbing racks; relying on tempera-
ture-driven circulation rather than
pumps to move nuclear-reactor cool-
ant, and minimizing flow asymme-
tries in the wake near the propeller.

Another feature of submarines is
that they are generally constructed
of steel. Because massive amounts
of steel disturb the earth’s magnetic
field locally, a magnetic-anomaly de-
tector (a device sensitive to changes
in the local geomagnetic field) can
be employed to detect submerged
submarines. Magnetic-anomaly de-
tectors capable of registering the
presence of submerged submarines
as much as a few thousand feet away
are standard equipment on U.S. and
Soviet ASw aircraft.

Yet it is unlikely that such devices
will be applied as a means of detect-
ing submarines at much greater dis-
tances. (Short-range detectors based

PATROL AREAS for modern nuclear ballistic-missile subma-
rines (SSBN’s) of the U.S.S.R. (red) and U.S. (purple) reflect differ-
ences in geography and defensive tactics. Soviet submarine-
launched ballistic missiles have a maximum range (arcs) that al-
lows SSBN’s based at Polyarny and Petropavlovsk to cover most
targets in the continental U.S. respectively from areas in the Arc-
tic and in or near the Sea of Okhotsk. The SSBN’s thereby avoid
having to run a gauntlet of U.S. and allied antisubmarine-warfare
forces guarding the narrow passages to the Atlantic and Pacific
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oceans. In addition, because U.S. attack submarines could be or-
dered to hunt for enemy SSBN’s in the early stages of a conven-
tional war, it is prudent for Soviet SSBN’s to remain near home
waters, where aircraft and surface and underwater vessels of
the Soviet navy can more easily protect them. U.S. SSBN’s have un-
restricted access to the North Atlantic and North Pacific and are
quieter than Soviet SSBN'’s, and so they can afford to patrol unes-
corted in the ocean as long as the Soviet Union does not develop
an effective means of detecting submarines from air or space.
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on high-temperature superconduc-
tors, however, may someday be-
come useful in local ASw operations.)
The strength of the magnetic-anom-
aly signal decays as the cube of
the distance, and so even a large in-
crease in the sensitivity of the devic-
es yields only a small increase in the
range at which a submarine can be
detected. Moreover, background
“noise” is often the dominant con-
straint on a magnetic-anomaly detec-
tor’s capability. Airborne detectors
face two sources of noise: natural-
ly occurring concentrations of iron
and random fluctuations in the geo-
magnetic field due to solar activity.
The disturbances in the geomagnetic
field can sometimes be so intense, in
particular at higher latitudes (where
Soviet sSBN’s are likely to be), that
they effectively mask the presence of
actual submarines.

Given the advances in quieting
submarines and the inherent limita-
tions of magnetic-anomaly detectors,
both the U.S. and the U.S.S.R. have es-
tablished programs to study the ap-
plication of other physical principles
to detect submarines. In spite of the
fact thatitis not yet clear whether de-
vices based on nonacoustic means of
detection are even feasible, the mili-
tary significance of such devices de-
mands pursuing all possible techno-
logical avenues. This is particularly
true for devices that could be based
in space, allowing for oceanwide sur-
veillance of submarines.

Ithough seawater is opaque to
most electromagnetic radiation,
blue-green light can penetrate a con-
siderable distance through seawater.
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Hence one might attempt to detect
the submarine optically by noting
the way the hull of a submarine re-
flects or absorbs blue-green light. In
analogy to the operating principle of
radar, a laser could be made to emit
an intense pulse of blue-green light
so that a sensor could then detect its
reflection. From the round-trip trav-
el time of the pulse the distance be-
tween the laser and the object that
reflected the laser light can be deter-
mined. On the other hand, the sur-
face of a submarine hull may tend to
absorb the laser pulse more than the
surrounding water does, in which
case it would be detected as a “hole”
in the naturally occurring level of
oceanic backscattering.

Many false targets are likely to be
detected by such optical systems,
since there are plenty of submerged
objects other than submarines in
the ocean, including marine animals
such as whales. Nonetheless, such
a laser-based system has apparent-
ly been applied by Sweden to detect
submarines in national waters from
overflying aircraft, although the sys-
tem’s effectiveness is not known. A
space-based system would be limited
by the far greater scattering and ab-
sorption of light in the atmosphere—
particularly by clouds.

One can also envision potential de-
tection methods that take advantage
of other characteristic emanations
from modern submarines. Particles
of paint that slough off the outer sur-
face of a submarine, minute quanti-
ties of radioactive substances that es-
cape into the seawater through the
reactor cooling system (in a nuclear
submarine) or other effluents could
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water less than 1,000 feet deep (black). Both Soviet (red) and U.S.
submarines (blue) have been made progressively quieter (right),
but the U.S. submarine fleet still outperforms the Soviet fleet.

leave a distinctive chemical trail indi-
cating where a submarine has been.
The detection of such trails would
require direct measurement of very
low concentrations of contaminants
from samples taken at a number of
depths throughout an area of the
ocean. It is not known whether such
detection of contaminants is possi-
ble, although even if it were, it would
not provide the remote-sensing capa-
bility needed to track simultaneously
many submarines distributed over a
large area.

A somewhat more promising tech-
nique would seek to detect the heat
emitted by submarines. A nuclear
submarine relies on recycling water
through a boiler, a steam turbine and
a cooling system (whose heat “sink”
is seawater) to convert the heat pro-
duced in a nuclear reactor into me-
chanical energy. As aresult a nuclear
submarine leaves warmer seawater
behind it wherever it goes.

Although a submarine powered by
a 190-megawatt reactor releases as
much as 45 million calories of heat
energy per second into the ocean, at
a speed of five knots the dissipated
energy increases the water tempera-
ture immediately behind the subma-
rine by less than 2 degree Celsius.
Because the warm water becomes in-
creasingly diluted as the submarine
travels farther away, the tempera-
ture differential quickly diminishes.
It is probably about a hundredth of a
degree one kilometer downstream of
a submarine moving at speeds typi-
cal of normal operation.

Moreover, the slightly warm water
does not quickly rise to the surface of
the ocean, where airborne or space-
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based sensors might be able to pick
up the faint temperature increase.
The reason is that the temperature
of seawater increases (and its den-
sity therefore decreases) the closer
the seawater is to the surface of the
ocean. Hence the water warmed in
the wake of a submarine rises only a
few meters before it encounters wa-
ter of the same density, and the fur-
ther rise of the wake through buoy-
ancy is suppressed.

An exception is the case of a slow-
moving submarine in the Arctic,
where the water temperature is near-
ly constant regardless of depth. In
fact, Soviet submarines have been
known to “ice pick”: to rest against
the underside of the Arctic ice cap.
The maneuver enables a submarine
to remain quietly in the same posi-
tion without having to use its propel-

lers to counter ocean currents; ice
picking also allows a vessel to switch
off its active sonar, which would
otherwise be needed to avoid colli-
sion with protruding ice ridges. Un-
less the reactor is reduced to very
low power, it seems likely that some
heated water would rise to the sur-
face of the ice, possibly giving away
the submarine’s position.

Methods for remotely detecting lo-
calized increases in water temper-
ature would include the application
of special sensors that measure the
water’s emission of infrared and mi-
crowave radiation, which increases
as the temperature of the water is
increased. Several satellites already
carry such sensors. Yet the “signa-
ture” produced at the sea surface by
heat from a submarine (if one exists)
would be weak and exceedingly diffi-
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BY OCEAN
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cult to distinguish from the relatively
strong infrared and microwave back-
ground radiation emitted by the at-
mosphere itself.

In addition to making noise, affect-
ing the local geomagnetic field and
producing heat, submarines also dis-
place water. If a submarine travels
at high speed near the surface of the
ocean, it produces a telltale hump of
water above it (sometimes called the
Bernoulli hump) and a distinctive pat-
tern of V-shaped waves, called Kelvin
waves, behind it. (Kelvin waves are
also seen in the wake of a moving
surface ship.)

The size of a submarine’s Bernoulli
hump and Kelvin waves decreases
rapidly with decreasing speed and in-
creasing depth. For example, the
height of the hump over a relatively

SCATTERING B
ATMOSPH

LIGHT FROM
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SCATTERING
BY OCEAN

ABSORPTION AND SCATTERING OF LIGHT by the atmosphere
and particularly by the ocean severely limit the strength of a
submarine’s optical signal, which could possibly be a reflect-
ed laser pulse (left) or the stimulated luminescence of marine
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organisms (right). In addition, light scattered either from the la-
ser pulse or from natural sources constitutes an overpowering
background “noise” from which the signal would have to be
extracted by a space-based optical submarine-detection system.
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CONVERGING AND DIVERGING CURRENTS (horizontal ar-
rows) caused by internal waves sweep together surfactants (oils
and organic fluids that are naturally found on the surface of the
ocean) into “streaks” that might be detectable from the air or
space. Internal waves are periodic motions of water near a ther-
mocline: an ocean layer in which water temperature and density

large submarine traveling at 20 knots
at a depth of 50 meters is about six
centimeters, and the Kelvin waves
are about two centimeters high. The
Bernoulli hump of the same subma-
rine traveling at a speed of five knots
and at a depth of 100 meters is really
not a hump at all, since it is only
about a millimeter high, and the
Kelvin waves are immeasurably
small. Other hydrodynamic phenom-
ena, such as the vortexes generated
by a submarine’s hull and control
surfaces, might also disturb the
ocean surface. Yet as long as a sub-
marine commander takes reasonable
precautions in limiting the operating
depths and speeds of the vessel, sub-
marine-generated surface displace-
ments are not likely to be detectable.

There is an indirect effect of a sub-
marine’s hydrodynamics that could
be detectable, however. The oceans
are replete with organisms that emit
blue or blue-green light whenever
they are disturbed. Since a mov-
ing submarine creates turbulence in
the water behind it, such organisms
might outline its turbulent wake with
their bioluminescence.

The possibility of detecting such a
bioluminescent wake has attracted
interest, because the phenomenon
might potentially be detectable from
the air or space overhead. Although
light of blue-green color propagates
well through ocean water compared
with most other electromagnetic ra-
diation, its intensity nonetheless is
attenuated by a factor of two for ev-
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ery seven to 14 meters it travels.
Hence light passing upward through
50 meters of water has an intensity
thatis only 1/140 of its original value
by the time it reaches the surface,
and light passing through 200 meters
is reduced to less than a millionth of
its original intensity.

If the stimulation of biolumines-
cence were limited to actual physical
contact between the submarine and
the light-emitting organisms, the risk
of generating a detectable biolumi-
nescent signal would be quite small,
since the light would be generated at
considerable depths. The concern is
that the signal might somehow be
generated closer to the ocean sur-
face. Although the turbulent wake of
a submarine could conceivably rise
so that it would bring with it a biolu-
minescent signal to the surface, it is
much more likely to collapse behind
a submarine as a result of the stabil-
ity of the ocean’s stratified water den-
sities. There is also a possibility that
a bioluminescent signal could prop-
agate toward the surface if organ-
isms at different depths induced one
another to emit light through their
flashing. Relays of such empathetic
responses among certain light-emit-
ting organisms has been observed,
but there is little evidence for ascer-
taining whether or not they might re-
veal the location of a submerged sub-
marine. In fact, the geographic, sea-
sonal and depth distributions of such
organisms are not at all well known.

Even if these questions are thor-
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change sharply. The waves are generated whenever water is dis-
placed upward or downward in the thermocline—as it can be
when a submarine’s turbulent wake collapses. Both the currents
and the surfactant streaks can affect the amplitude and wave-
length of wind-generated ripples, which in turn influence the
emission and reflection of microwaves from the ocean surface.

oughly studied, a difficult problem
remains in developing a biolumines-
cence-based detection system. The
system must be capable of distin-
guishing between an anomalous bio-
luminescent wake and the ubiqui-
tous background bioluminescence.
There is in addition another nearly
overpowering source of background
noise: the blue-green component of
sunlight or moonlight. Indeed, the
scattering of sunlight from the ocean
and atmosphere is so intense under
normal daytime conditions that any
space-based or airborne detection
system of this type would have to be
limited to nighttime use.

he oceanographic phenomenon

that has stirred the greatest in-
terest as a means of detecting sub-
marines is internal waves: periodic
variations in the density and temper-
ature of water at depths near a ther-
mocline, an ocean layer in which the
density rises and the temperature
drops sharply with increasing depth.
The most pronounced thermocline is
generally found in the top 200 meters
or so ofthe ocean.

A volume of water in a thermocline
that is displaced either downward or
upward will experience a buoyant
restoring force driving it back in the
opposite direction. Hence when the
thermocline is disturbed, oscillations
in density and temperature are gen-
erated that propagate outward from
the disturbance as waves. The nat-
ural frequency of such waves is
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known as the Brunt-Vaisala frequen-
cy, and its reciprocal (the wave’s pe-
riod) defines the fundamental time
scale for oscillatory motions of the
thermocline. The Brunt-Vdisdld peri-
od varies greatly with time and loca-
tion but is typically between 10 and
100 minutes. The displacement of
water that results in internal waves
can be caused by many things, in-
cluding atmospheric-pressure varia-
tions, ocean currents or submarines.

By means of optical techniques it
may be possible to measure the
motion of layers of microorganisms
that scatter light. Because the layers
would move with the passage of an
internal wave, such techniques could
be applied to detect submarine-gen-
erated internal waves, although the
distribution and properties of these
biological scatterers have not been
catalogued. Other possible detection
methods under consideration rely on
subtle surface effects associated with
internal waves that may under cer-
tain conditions be rendered visible.
An internal wave creates horizontal
currents at or near the sea surface
that are in phase with the wave.
Above the crest of an internal wave
there is a current moving in the direc-
tion opposite to that of the wave;
above the trough of an internal wave
there is a current moving in the same
direction as the wave. As a result the
surface currents converge and di-
verge above an internal wave.

Where the currents converge, sur-
face films of oils or organic fluids
known as surfactants are swept to-
gether, forming surfactant “streaks.”

Although the mechanisms involved
are not entirely clear, the surfactant
streaks along with the surface cur-
rents created by energetic internal
waves can apparently produce large-
scale patterns in wind-generated rip-
ples on the sea surface by modulat-
ing the amplitude and wavelength of
the ripples.

How could such patterns on the
surface of the ocean be made vis-
ible? Seasat, an ocean-imaging satel-
lite launched in 1978, revealed to the
scientific community at large what
Goverment investigators probably
already knew: surface patterns asso-
ciated with currents, seabed topog-
raphy and internal waves many me-
ters below the surface of the ocean
can be imaged by a space-based
microwave synthetic-aperture radar.
Such a radar aims pulses of micro-
waves obliquely at the earth, off to
the side of the satellite ground track
and in a direction perpendicular to
the direction of the satellite’s motion
[see “Radar Images of the Earth from
Space,” by Charles Elachi; SCIENTIE-
IC AMERICAN, December, 1982]. The
pulses overlap to illuminate a wide
swath of the earth (100 kilometers in
the case of Seasat) with microwaves,
some of which are then reflected
back to the satellite.

A pulse’s round-trip travel time es-
tablishes the range of an object being
imaged. Objects having equal ranges
are then distinguished by the reflect-
ed pulse’s Doppler shift (the change
in frequency caused by the motion of
the spacecraft in relation to the ob-

IMAGE MADE BY SEASAT, a satellite launched in 1978, shows a tangle of wisps at the
mouth of the Kuskokwim River in Alaska that probably reflects an intricate pattern of
currents, seabed topography and perhaps even internal waves many meters below the
water’s surface. The image was generated by processing data from a synthetic-aperture
microwave radar (see illustration on opposite page) and has a resolution of 25 meters.
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ject), since objects ahead of the satel-
lite shift the microwaves to higher
frequencies, whereas those behind it
shift them to lower frequencies. Each
point in the radar swath contributes
backscatter returns to several differ-
ent “snapshots” taken along the sat-
ellite’s orbital path over a short peri-
od. If the objects being imaged do not
move appreciably in that time, then
the microwave radar’s effective aper-
ture (a measure of the resolving pow-
er of the radar that is normally given
by the length of the radar’s antenna)
is much longer than the actual length
of the radar’s antenna.

Although the Seasat images con-
firmed that under some conditions
synthetic-aperture radar can detect
modulations in ocean-surface rough-
ness, the mechanism by which this
occurs is not clearly understood. The
explanation most frequently invoked
is that the strength of the radarreturn
from the sea surface can be modeled
according to Bragg scattering theo-
ry. According to this theory, micro-
waves interfere constructively when
they are reflected from structures
that are regularly spaced by a dis-
tance equal to the wavelength of the
microwaves and interfere destruc-
tively when they are reflected from
all other structures. In spite of the
fact that there are few experimental
data, it is apparent that Bragg scat-
tering alone is insufficient to account
for the backscattering of microwaves
from the ocean surface. Recent theo-
retical work has better predicted the
results of experiments by assuming a
model of ocean backscatter that is
more comprehensive.

Beyond questions pertaining to the
basic model of radar backscatter-
ing, the military utility of a synthetic-
aperture radar would depend on the
ability to form images and process
them in real time, that is, immediate-
ly after the microwave echoes are
received. Images of the sea surface
can be obtained either through digi-
tal signal processing or through opti-
cal techniques that apply a series of
lenses to process the raw radar data
in an analogous fashion. While digital
processing is more flexible, optical
processing of radar data is much fast-
er and may be adequate for a special-
purpose, ocean-imaging satellite. In
addition sophisticated pattern-recog-
nition processing will be necessary
to distinguish the internal-wave pat-
tern generated by a submarine from
the patterns generated naturally.

Another method of measuring the
roughness of the sea surface is by
means of passive microwave radiom-



etry: measuring the microwave radi-
ation emitted naturally by the sur-
face. The sea-surface radiation in a
given frequency range is a function
not only of the surface temperature
but also of the surface’s emissiv-
ity, which in turn is a function of
its roughness and the presence of
surfactant films. Soviet research on
microwave remote sensing suggests
that combining active systems, such
as radars, and passive systems can
improve the ability to image the sur-
face effects of underwater features.

f submarine-related surface effects
could be reliably detected by a
space-based ocean-imaging radar—
and I ought to emphasize that such
an achievement is purely hypotheti-
cal at this time—there would quite
likely be daunting problems in track-
ing a target in the presence of false
targets and noise. Even such systems
as magnetic-anomaly detectors and
sonars, which have benefited from
several decades of research and de-
velopment, are severely limited by
those problems. Moreover, potential
countermeasures on the part of the
opponent cannot be ruled out, al-
though in order to invent cost-effec-
tive ones the opponent would have
to understand the mechanisms by
which a detection system operates.
Countermeasures can be of several
types, including changes in tactics,
decoys and jamming (overloading a
sensor with powerful artificial noise).
Because nonacoustic submarine-
detection technologies are likely to
be complex, they will probably be
developed initially for use in aircraft,
which can fly below clouds, make
repeated passes over the same area
and return to a base for repairs and
maintenance. The amount of data
processing needed for airborne sys-
tems, which cover smaller areas of
ocean, is also significantly less than it
is for space-borne systems. Since the
Soviet navy puts a premium on de-
fending its SSBN’s from U.S. attack
submarines in home waters, Soviet
naval planners have an additional
reason to apply advances in non-
acoustic technology as soon as possi-
ble on a small scale in the Arctic and
the western Pacific, near the U.S.S.R.
If the U.S. intelligence agencies
have a good understanding of the ba-
sic principles of nonacoustic detec-
tion of submarines, they should be
able to interpretrelevant Soviet tech-
nological advances during these ear-
ly stages of development and deploy-
ment. According to the former direc-
tor of Naval Intelligence, Sumner

Shapiro, it is “difficult to know” the
general state of Soviet nonacoustic
technology when itis in the planning
and laboratory phases, but it “is easy
to collectinformation...when [the So-
viet Union] is operating and testing
something.”

It must also be kept in mind that
the space platforms associated with
an oceanwide surveillance system
are large and highly visible. In order
to have regular coverage of the North
Atlantic and North Pacific, many sat-
ellites may be needed.

Based on the information available
in the unclassified literature, a break-
through in the means of detecting
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submerged submarines does not ap-
pear imminent. On the other hand,
basic scientific questions regarding
the possible detection of subsurface
water motions remain unanswered.
Without such answers one cannot ab-
solutely dismiss, for instance, the
possibility of applying microwave
radars in detecting submarines. A
broad research program, including
basic unclassified research, is there-
fore crucial for assuring the Govern-
ment and the public as well that sea-
based strategic nuclear forces will
continue to be secure—particularly if
the U.S. and the Soviet Union negoti-
ate deep cuts in strategic arms.

“LINES OF CONSTANT
DOPPLER SHIFT

SPACE-BASED SYNTHETIC-APERTURE RADAR aims pulses of coherent microwaves
obliquely at the earth’s surface and records the reflected microwaves. The delay be-
tween the transmission of a pulse and the reception of its echo determines the range of
an object. Objects at the same range are found along circular arcs centered on the point
directly below the radar. An echo’s Doppler shift (the change in frequency caused by
the motion of the radar in relation to the reflecting object) serves to distinguish objects
that have equal range, since objects that produce equal Doppler shifts are arranged
along hyperbolic arcs whose focus is the point directly below the radar. The intersect-
ing arcs act in essence as a coordinate system that pinpoints the location of objects.
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Gravity and Antimatter

Newton and Einstein both maintain that an object’s gravitational
acceleration is independent of its mass and substance. Recent ideas
challenge that notion; an antiproton experiment could provide a test

by Terry Goldman, Richard J. Hughes and Michael Martin Nieto

o one has ever dropped a sin-
Ngle particle of antimatter. Yet

most physicists assume that
it would fall to the ground just like or-
dinary matter. Their arguments are
based on two well-established ideas:
the equivalence principle of gravi-
tation and the quantum-mechanical
symmetry between matter and anti-
matter. Today this line of reasoning
is being undermined by the possibil-
ity that the first of these ideas, the
principle of equivalence, may not
be true. Indeed, all modern attempts
to include gravity with the other for-
ces of nature in a consistent, uni-
fied quantum theory predict the exis-
tence of new gravitational-strength
forces that, among other things, will
violate the principle.

Such effects may have been seen
already in recent experiments. These
effects are small in ordinary experi-
ence with matter in the earth’s gravi-
tational field. With respect to antimat-
ter, however, these new forces could
result in large anomalies. Hence
an experiment to measure the grav-
itational acceleration of antimatter
could be of great importance to the
understanding of quantum gravity.
We are members of an international
team that has been formed to carry
out such an experiment.

If the principle of equivalence is
found to be violated, it will be a sig-
nificant event in the history of phys-
ics, because the principle is the foun-
dation on which the gravitational
theories of both Newton and Einstein
rest. The principle states that two ob-
jects fall with the same gravitational
acceleration regardless of their mass
or material composition. The idea
was first expounded in this form by
Galileo, who based his conclusions
on experiments with inclined planes
and on mathematical conjectures
about the motion of projectiles. Ein-
stein, recognizing that mass and en-
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ergy are equivalent, extended the
principle in his general theory of rel-
ativity to apply not only to objects
with rest mass but also to all forms
of energy, including light. Einstein’s
bold conjecture was verified in 1919
by Arthur Eddington, who measured
the bending of light in the sun’s grav-
itational field during an eclipse.

With the discovery of the posi-
tron, or antielectron, in 1932, a new
question arose: Does antimatter obey
physical law in the same way as ordi-
nary matter does? The currently ac-
cepted answer came in 1957 with the
CPT theorem of Gerhart Liiders, who
proved that the mathematical opera-
tions that transform the description
of a particle into a description of its
antiparticle leave the laws of physics
intact. For general relativity, then,
gravity does not make any distinc-
tion between a particle and an anti-
particle; all that counts is the par-
ticle’s energy. Because the energy of
an isolated antiparticle is the same as
that of the corresponding particle,
antimatter should fall to the ground
precisely like ordinary matter.

This conclusion is wvalid if one
believes Einstein’s general relativity
is the ultimate theory of gravitation.
Recently, however, many physicists
have proposed alternatives in which
gravity may interact with aspects
of matter other than energy, such
as quantum number. Within these
views the CPT theorem can only state
that an antiapple would fall to an an-
tiearth in the same way as an ap-
ple falls to the earth. It says noth-
ing about how an antiapple falls to
an earth of ordinary matter. In other
words, one should not assume that
the principle of equivalence applies
to antimatter. Indeed, this should
come as no surprise, because the two
fundamental constructs on which the
conventional argument was based,
gravitation and quantum mechanics,
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have never been successfully joined
in a single theory.

The unification of quantum me-
chanics and gravity has become the
Holy Grail of 20th-century physics.
No one has succeeded but, remark-
ably, the most realistic theories to-
day all predict new types of gravita-
tional interactions that might indeed
cause an antiparticle to fall to the
ground differently from an ordinary
particle. We therefore proposed a few
years ago to measure the gravitation-
al acceleration of antiprotons. Such
an experiment would provide an un-
ambiguous test, if new gravitational
interactions do in fact exist. Appara-

GALILEO stands at the center of this fres-
co, explaining the uniform acceleration of
a sphere rolling down an inclined plane.
Such experiments led him to reason that



tus for the experiment is now being
built, and if all goes well, the results
will be available early in 1991.

t has been only recently that in-

vestigators, guided by new experi-
ments and concepts, have found cer-
tain anomalies suggesting that the
equivalence principle may not hold
true under certain conditions. For
centuries, however, physicists had
good reason to believe in the princi-
ple: it has survived many rigorous
tests that proved its accuracy to ex-
traordinary precision.

Newton himself tested the equiva-
lence principle with experiments.
To understand his experiment one
needs to restate the principle some-
what. Newton introduced the con-
cept of mass in two contexts. In his
second law of motion, the force on an
object is equal to the inertial mass
times the acceleration. In his law of
gravitation, the force ofattraction be-
tween two objects is proportional
to the product of their gravitational
masses and inversely proportional to
the square of the distance between
them (and is therefore called an in-
verse-square law). The inertial mass
is a kinematic quantity having to do
with motion. The gravitational mass,
on the other hand, is a “charge”: an
object feels a gravitational force in

if objects of differing mass and substance were dropped from a
height, they would strike the ground at the same instant. This
principle of equivalence, fundamental to gravitational theory, is
enshrined in popular mythology by the story in which Galileo

proportion to its gravitational mass,
just as it would feel an electromag-
netic force in proportion to its elec-
tric charge.

Although they are completely dif-
ferent concepts, Newton maintained
that the two types of mass, inertial
and gravitational, are equivalent. To
test the idea he did experiments with
pendulums. A pendulum’s period of
oscillation is given by the product
of two factors: one depending on the
length and another depending on the
ratio of inertial mass to gravitation-
al mass. Newton found that the pe-
riod was always determined by the
length-dependent factor alone and
that the ratio of the two types of mass
was always unity; in other words,
gravitational and inertial mass are
equal. In this way Newton verified
the equivalence principle to a preci-
sion of one part in 1,000. (In the late
1820’s Friedrich Wilhelm Bessel car-
ried out experiments that increased
the precision to one part in 60,000.)

he next major advance in testing

the principle of equivalence was
made by the Hungarian baron Ro-
land E6tvos. In the 1880’s this master
geophysicistdeveloped a torsion bal-
ance with which to probe the earth
by measuring variations in the grav-
itational field. With the balance he
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could map local gravitational fields
and thereby infer local mass anoma-
lies, the most interesting being those
associated with mineral deposits.
The balance was so accurate that in
spite of the long time needed for each
measurement, it was a standard geo-
physical tool well into this century.

EOtvos realized that his torsion bal-
ance could be employed to test the
principle of equivalence by placing
objects of different materials at op-
posite ends of the balance. The net
force acting on each object is a com-
bination of the gravitational attrac-
tion of the earth, which is proportion-
al to the gravitational mass of the ob-
ject, and the centrifugal force due to
the earth’s rotation, which is propor-
tional to the inertial mass of the ob-
ject. If two different materials were
put on the balance and the ratio of
the gravitational mass to the inertial
mass for one did not equal that ra-
tio for the other, the E6tvos balance
would rotate.

In 1890 E6tvos published results
showing the equality of the gravita-
tional and inertial masses of several
substances to a precision of five parts
in 10%. He improved this work in 1909
and concluded that an appropriate
limit for the precision of his experi-
ment was five parts in 10°. At less
than this limit he found discrepan-

dropped two stones from the Leaning Tower of Pisa, seen in the
distance. A modern test of the principle will measure the gravi-
tational acceleration of antiprotons. According to supergravity
and string theories, antiprotons should fall faster than protons.
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cies between different types of ma-
terial, which he attributed to exper-
imental error. (We shall say more
about this below.)

In the 1960’s and 1970’s Robert H.
Dicke and Vladimir B. Braginsky per-
formed independent E6tvos-type ex-

periments in which they measured
the ratio of inertial mass to gravita-
tional mass of objects in the gravi-
tational field of the sun rather than
of the earth, and they found the prin-
ciple of equivalence was accurate to
five parts in 10'" and 10'? respective-

ELECTRON-POSITRON PAIR leaves a bifurcating spiral trace in its wake in this cloud-
chamber photograph. Created by a gamma ray colliding violently with a hydrogen nu-
cleus, the electron and its antimatter partner have the same mass but opposite electric
charge and so curve in opposite directions in the magnetic field of the chamber. Parti-
cles and their antiparticles have opposite quantum numbers; hence if there is enough
energy available to conserve momentum and provide mass (in accordance with E=
mc?), they can be created in pairs because their net quantum number will be zero. A par-
ticle and an antiparticle can also annihilate each other in a burst of energy. Antiprotons
are created in accelerators by smashing high-energy particles into suitable targets.
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ly. A similar precision was obtained
for the equality of gravitational mass
and inertial mass of the earth and
the moon from measurements, using
corner mirrors left on the moon’s sur-
face by Apollo astronauts, of the lu-
nar orbit around the earth as the
earth-moon system itself orbits the
sun. This last experiment, incidental-
ly, demonstrated that the sun’s grav-
ity acts on the gravitational ener-
gy that binds matter in the earth—in
short, that gravity attracts gravity.

he idea that gravitational ener-

gy is itself subject to the force
of gravity is a consequence of the
revolution in physics that occurred
at about the time of EO6tvOs’ exper-
iments. This was the formulation of
the special and the general theories
of relativity by Einstein. Because the
present debate over the existence
of new gravity-related forces results
from attempts to extend Einstein’s
theory of gravitation, it is worth re-
viewing the history of this work in
some detail.

The general theory of relativity
emerged from Einstein’s attempt to
resolve a fundamental challenge that
his earlier work on special relativity
posed for Newton’s concept of gravi-
ty. For although Newtonian theory is
perfectly adequate for most practical
purposes (such as sending people
to the moon), it is unacceptable to
the theoretical physicist because it
assumes that gravity acts instanta-
neously over infinite distances and
so violates special relativity’s stric-
ture limiting the velocity of every-
thing—objects, energy, the propaga-
tion of a force—to the speed of light.

In classical relativistic field theory,
forces are made to adhere to special
relativity by the introduction of a
field, which carries energy and mo-
mentum between interacting parti-
cles of matter (such as electrons and
protons) at a speed no faster than that
of light. It is the exchange of the en-
ergy and momentum carried by the
field that produces the force experi-
enced by the particles. For example,
oscillating electrons in a transmit-
ting antenna produce a field of ra-
dio waves, which propagate through
space and exert a force on electrons
in the receiving antenna.

With the advent of relativistic field
theory, it was natural for physicists
to study the possible forms a grav-
itational field could take. James
Clerk Maxwell, for example, noting
that both gravitation and Coulomb’s
law (which describes the force be-
tween electrically charged particles)



are inverse-square relations, won-
dered whether his own theory of
electrodynamics could be modified
to describe gravity. Of course, some
changes were necessary because the
electrodynamic force produces re-
pulsion between like charges, where-
as gravity produces attraction. Max-
well was able to satisfy this condition
by changing the sign of the field ener-
gy and making it negative, but he
quickly realized that the resulting
theory harbored a fatal flaw: with
negative field energy a system would
gain energy by gravitating, and so its
energy would increase infinitely.

The first mathematically consis-
tent, relativistic theory of gravitation
was constructed in 1913 by Gunnar
Nordstrom, before Einstein’s general
theory of relativity. Nordstrom’s the-
ory agreed with all gravitational ex-
periments of the time. Einstein and
Adriaan D. Fokker discovered that
Nordstrom’s gravitational field equa-
tions really described a spacetime
that was curved—it was as though
one had tried to describe the surface
of a sphere in terms of a flat plane and
then realized that the same surface
could be described more naturally
with spherical coordinates. Nord-
strom’s theory therefore unwitting-
ly introduced the idea of a curved
spacetime.

n Nordstrom’s model the gravita-

tional field acted only on objects
that have a rest mass. But according
to special relativity, energy is equiva-
lent to mass. Therefore why should
not energy also be subject to the
force of gravity? It was this concept,
which Einstein described as the hap-
piestthought of his life, thatled to the
general theory of relativity.

Einstein’s theory also resulted in a
curvature of spacetime in the vicini-
ty of massive objects. Moreover, be-
cause the theory describes a gravi-
tational field that couples to energy
and momentum rather than to mass,
it predicted that gravity should de-
flect massless forms of energy, such
as light. Einstein proposed that the
effect could be tested by measuring
an apparent shift in the position of
stars near the limb of the sun during
an eclipse. The prediction was con-
firmed in Eddington’s 1919 expedi-
tion to Africa. Einstein’s theory also
accounted for the anomalous shift of
the perihelion of Mercury and the red
shift of light coming from stars or
planets (later verified in the Pound-
Rebka experiment).

Theories of gravity such as Nord-
strom’s and Einstein’s, in which the

force manifests itself through space-
time curvature, are now known as
“metric theories.” In such theories
force is manifested by a curvature of
spacetime, which shapes the trajec-
tory along which an object moves.
Formulated in this way, the force is
independent of the composition of
the objects on which it acts. (Note
that this is another way of stating the
equivalence principle.)

The general theory of relativity,
with its revolutionary and astound-
ingly successful concept of the uni-
verse, stands as one of the greatest
intellectual achievements of this cen-
tury. Yet its exalted status should not
blind one to the fact that it is not

a NEWTONIAN GRAVITY

b CLASSICAL FIELD THEORY

C GENERAL RELATIVITY

unique in its ability to account for
all experimental tests of gravity. In-
deed, there is now evidence of gravi-
tational effects that appear to violate
the principle of equivalence, which,
if the evidence is correct, cannot be
explained by classical general rela-
tivity. These effects may, however,
be consistent with more recent the-
ories—work that has resulted from
the effort to unify general relativity
with that other great pillar of mod-
ern physics, quantum theory.

here is, in fact, a serious incom-
patibility between quantum me-
chanics and the principles of equiv-
alence that underlie classical, non-

>

d  QUANTUM MECHANICS

g

THEORIES OF GRAVITY describe the force between two masses. Newton, who related
the magnitude of gravitational force to the objects’ mass and the distance between
them, assumed that the force acts instantaneously over distance (a). The special theory
of relativity, however, proved that nothing moves faster than the speed of light. Classi-
cal field theory introduced the idea of a field that propagates force at finite speed (b).
Einstein recognized that the field equations for gravitation describe a spacetime that is
curved near massive objects.In his general theory of relativity gravity is manifested by
the motion of objects along paths that follow the shortest possible distance in a curved
spacetime (¢). Quantum mechanics asserts that the path is indeterminate (d). This
inconsistency between quantum theory and general relativity still plagues physicists.
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RANGE OF FORCE
PARTICLES
WITH MASS FINITE
PARTICLES INFINITE
WITHOUTMASS | (INVERSESQUARE)

QUANTUM FIELD THEORY introduced the idea of a particle that mediates force. Two
interacting particles exchange a third particle that transfers energy and momentum
from one to the other, rather in the way a thrown ball transfers energy and momentum
from pitcher to catcher. Particles with mass act over a finite range. Massless particles,
such as photons (light) and gravitons (carriers of gravity), act over infinite distance.

quantum theories of gravitation. For
instance, according to the equiva-
lence principle, an object’s initial
position and velocity determine a
definite trajectory for a freely falling
object in a gravitational field. In
quantum mechanics, however, the
object’s path is indeterminate and
probabilistic [see “Quantum Gravi-
ty,” by Bryce S. DeWitt; SCIENTIFIC
AMERICAN, December, 1983]. There-
fore the equivalence principle can-
not be an exact concept within a
quantum description of gravity. One
should not be surprised if a quantum
theory of gravitation were to include
interactions that violate the equiva-

Quantum mechanics profoundly
altered classical field theory. The
classical view holds that energy and
momentum are carried by a field.
Quantum mechanics asserts that this
energy and momentum exist in dis-
crete units, called quanta, which can
be described as particles. In quantum
field theory, then, forces are said to
occur through an exchange of such
particles (rather the way the pitcher
transfers energy and momentum to
the catcher when he hurls a base-
ball). Electromagnetic forces, for ex-
ample, are “mediated” through the
exchange of photons, or light quanta.
The strength of the resulting force

lence principle. is given by the particles’ “coupling
FORCE BETWEEN FORCE BETWEEN
SIMILAR “CHARGES” | OPPOSITE “CHARGES” EXAMPLES
0 (SCALAR) ATTRACTION ATTRACTION H'SSE\Z/;ETA'LCALRES-
r4
z PHOTON, GLUON,
£ | 1 (vecToR) REPULSION ATTRACTION B AYIPHOTON
2 (TENSOR) ATTRACTION ATTRACTION GRAVITON J

INTEGER-SPIN PARTICLES mediate the familiar forces of nature. Particles of even
spin produce only an attractive force, whereas particles of odd-integer spin produce an
attractive or a repulsive force depending on whether the interacting matter has the
same or opposite quantum numbers. For example, electromagnetic force is carried by
the spin-1 photon; thus particles with the same charge repel each other and those with
opposite charge attract each other. Likewise the graviphoton is expected to produce
repulsion between matter and matter but attraction between matter and antimatter.
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strength” to the matter that is being
acted on.

The force-carrying particles have
a definite rest mass (zero in the case
of photons) and an intrinsic spin, or
angular momentum, which can take
integer or half-integer values. All
the familiar forces—gravity, electro-
magnetism, the weak force responsi-
ble for radioactive decay, the strong
force that binds atomic nuclei—are
mediated by integer-spin particles,
which produce forces with distance
ranges determined by the irfverse of
the particles’ mass. Forces mediated
by massive particles, such as the
weak force, act only over a finite
range. Forces mediated by massless
particles, such as electromagnetism
and gravity, have an apparently infi-
nite range, and the force diminishes
in strength inversely as the square
of the distance between the interact-
ing particles.

It is now known that the spin of a
field is related to the nature of the
force: fields with odd-integer spins
can produce both attractive and re-
pulsive forces; those with even-inte-
ger spins, such as scalar (spin 0) and
tensor (spin 2) fields, produce a pure-
ly attractive force. Maxwell’s electro-
dynamics, for instance, can be de-
scribed today as a spin-1 field (the
force is carried by the photon, which
has a spin of 1). The force from this
field is attractive between oppositely
charged particles and repulsive be-
tween similarly charged particles.

A theory of gravity, by the same
reasoning, was expected to be based
solely on scalar or tensor fields medi-
ated by particles with even spin. In-
deed, it has been shown that when
general relativity, which is based on
a tensor field, is recast as a quantum
field theory, the gravitational force is
carried by a massless spin-2 particle,
called the graviton. Mathematical-
ly, however, the quantum version of
general relativity is fraught with in-
consistencies. This has led physicists
to consider ways to extend general
relativity in order to make gravita-
tion more amenable to quantization.

One of the favored approaches for
quantizing gravity is a class of
theories known as gauge theories.
These include theories widely be-
lieved to describe the strong and
electroweak interactions, which are
now the candidates for unification in
the so-called grand unified theory.
Gauge theories are based on a certain
type of internal symmetry and are at-
tractive to theorists because only a
few initial parameters will allow one
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TWO THEORETICAL APPROACHES predict the existence of
new gravity-related interactions that are remarkably similar. Su-
pergravity theories that apply four or more “supersymmetry”
operations (arrows) to the spin-2 graviton give rise to a series
of new particles: the 3/2-spin gravitino, the spin-1 graviphoton,
the 1/2-spin goldstino and the spin-zero graviscalar. The gravi-

to calculate all phenomena within
their purview [see “Supergravity and
the Unification of the Laws of Phys-
ics,” by Daniel Z. Freedman and Pe-
ter van Nieuwenhuizen; SCIENTIFIC
AMERICAN, February, 1978].

The success of gauge theories sug-
gests that the mathematical inconsis-
tencies in quantum general relativity
might also be overcome by introduc-
ing what is now called a local super-
symmetry. When general relativity
is augmented by local supersymme-
tries, one finds (in most versions of
such models) that there is a half-inte-
ger-spin particle partner for every
integer-spin particle and vice versa,
creating a kaleidoscopic cascade of
new particles: the spin-2 graviton has
a spin-3/2 partner, which has a spin-1
partner (the graviphoton), which has
a spin-1/2 partner, which has a spin-0
partner (the graviscalar). (Some mod-
els describe more than one partner of
each spin.) These new partners are
like extra quantum states of the grav-
iton, and their existence seems to en-
sure that the supergravity theories
have reasonable (but perhaps still
imperfect) properties for a quantum
field. Indeed, all gauge theories of
quantum gravity that are now being
considered contain supersymmetric
extra states.

The half-integer-spin particles in
these so-called supergravity theories
are expected to be extremely mas-

HALF-INTEGER-SPIN
HEAVY FERMIONS |

- N

GRAVITINO I

‘ SPIN-1/2 COLDSTINO

sive. Their rest-mass energy is ex-
pected to be about one trillion elec-
tron volts, or 1,000 times that of the
proton. None of these predicted parti-
cles has ever been seen. Advocates
of supergravity theories hope to pro-
duce them with new accelerators
such as the Tevatron at the Fermi Na-
tional Accelerator Laboratory, LEP
(Large Electron-Positron) at the Euro-
pean laboratory for particle physics
(CERN) and the proposed supercon-
ducting supercollider.

The integer-spin particles, on the
other hand, are, like the graviton,
mediators of forces and would gener-
ate new effects with a strength com-
parable to gravity—but with some
notable differences. Both the gravi-
scalar and the graviphoton are ex-
pected to have a rest mass and so
their range will be finite rather than
infinite. Moreover, the graviscalar
will produce only attraction, whereas
the graviphoton’s effect will depend
on whether the interacting particles
are alike or different. Between mat-
ter and matter (or antimatter and
antimatter) the graviphoton will pro-
duce repulsion; between matter and
antimatter it will produce attraction.
Thus for ordinary matter the gravi-
scalar’s attractive force will be more
or less canceled by the graviphoton’s
repulsive force. Between matter and
antimatter, however, both the gravi-
scalar and the graviphoton will pro-
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photon and the graviscalar would mediate new forces. A sepa-
rate class of ideas called metric theories, which describe forces
in terms of spacetime curvature, make remarkably similar pre-
dictions: a spin-2 graviton in higher dimensions “decomposes”
into a spin-2 graviton and one or more spin-1 graviphotons and
spin-zero graviscalars in ordinary four-dimensional spacetime.

duce an attractive force and so will
add up. It is evidence for this addi-
tional attraction that the antiproton
experiment will seek.

nterestingly, similar effects are pre-

dicted by a separate group of theo-
ries that have approached the quanti-
zation of gravity from a completely
different angle. Certain recent metric
theories that contain more dimen-
sions than the conventional four of
spacetime also predict the appear-
ance of the new particles. This work
harkens back more than 60 years to
the work of Theodor Franz Eduard
Kaluza and Oskar Klein, who formu-
lated a model of gravitation in high-
er-dimensional spacetime and then
“projected” it into ordinary space-
time in an effort to produce a unified
theory of gravity and electromagnet-
ism [see “The Hidden Dimensions of
Spacetime,” by Daniel Z. Freedman
and Peter van Nieuwenhuizen; SCIEN-
TIFIC AMERICAN, March, 1985].

Ultimately unsuccessful, the Ka-
luza-Klein model languished for half
a century, but in the past decade
several theoretical physicists have
considered it anew and begun to
study what would happen if the mod-
el were extended to even higher di-
mensions. They found that a higher-
dimensional spin-2 graviton would,
when looked at in four dimensions,
have several parts: a four-dimen-
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GRAVITON

VIOLATIONS of the equivalence principle would be allowed by
new theories because the three particles that mediate gravity
and related forces could couple to mass and energy with differ-
ent strengths, as is suggested by varying intensities of color
in this illustration. The graviton couples with equal strength to
mass (spheres) and binding energy (squiggles). The graviscalar
could couple to mass differently from the way it does to binding
energy, and so elements with many bound protons and neutrons
could experience a weaker force than those that contain only a

GRAVISCALAR

GRAVIPHOTON

few bound nucleons. The graviphoton could couple to internal
quantum numbers such as baryon number (for example, protons
and neutrons) rather than to mass or binding energy. One test
is to compare the gravitational force on elements that have dif-
ferent proportions of protons and neutrons, because protons
have a smaller inertial mass than neutrons but the same baryon
number. Both graviscalar and graviphoton effects would be
seen only over a finite range, which is predicted by theory to be
between a few hundred meters and a few hundred kilometers.

sional spin-2 graviton, a spin-1 vector
field corresponding to the gravipho-
ton and a one-dimensional spin-0 sca-
lar field corresponding to the gravi-
scalar. The process is analogous to
taking an arrow in three dimensions
and projecting it onto a plane: two di-
mensions would define an arrow in
the plane and the third, vertical di-
mension would define a point. (As
with supersymmetry, some models
have many partners of each spin.)
Hence both the nonmetric super-
gravity theories and the higher-
dimensional metric theories have
strikingly similar consequences.

None of the quantum gravity theo-
ries has yet been shown to be
mathematically consistent. Even so,
Joel Scherk, notlong before his death
in 1980, recognized that the quantum
gravity theories could have measur-
able physical consequences in the
world of ordinary matter. For exam-
ple, the graviscalar and the gravipho-
ton are not massless and so do not
behave according to the Newtonian
inverse-square law. Hence one might
seek experimental evidence of viola-
tions of Newton’s law within the
range of several hundred meters or
kilometers over which the new parti-
cles are thought to exert their effect.
Experiments could also search for
possible differences in the coupling
strengths of the graviscalar and the
graviphoton to different components
of matter, such as binding energy or
baryon number (the total number of
protons and neutrons). The theories
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allow the graviscalar to couple to the
binding energy with a strength differ-
ent from the one with which it cou-
ples to the rest mass of elementary
particles. For instance, the gravisca-
lar force might be greater on a gram
of hydrogen than on a gram of iron,
because for every 56 unbound hy-
drogen atoms there is one iron atom
containing 56 bound protons and
neutrons. The graviphoton, on the
other hand, must be coupled to some
conserved quantum number of the
elementary particles, such as the to-
tal number of baryons or quarks, or
the sum of baryons and leptons (such
as electrons). The graviphoton will
therefore also produce a force that
depends on the composition of mat-
ter. Thus both new forces can violate
the equivalence principle.

The current theories, then, predict
that two long-standing laws of phys-
ics will be overturned: the nonzero
masses of the graviscalar and the
graviphoton imply that, within their
finite range, the Newtonian inverse-
square law of gravitation will not be
true, and the composition-dependent
nature of the new forces means that
the equivalence principle will also be
violated.

For ordinary matter in the earth’s
gravitational field, the violations of
the inverse-square law are expected
to be minuscule. The reason is that
the forces mediated by the gravisca-
lar and the graviphoton will approxi-
mately cancel each other. A small re-
sidual effect may have been found by
Frank D. Stacey, Gary J. Tuck of the
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University of Queensland and their
collaborators in their measurements
of local gravitational force made
at various depths inside Australian
mine shafts. After the gravitational
effect of local geology had been ac-
counted for, the measurements were
inconsistent with the predictions of
Newtonian theory. Instead the data
were roughly consistent with the ex-
istence of a single repulsive force 100
times smaller than ordinary gravity
with a range of hundreds of meters,
or of both a repulsive and an attrac-
tive force with strengths about equal
to ordinary gravity but canceling to
one part in 100, and with ranges of up
to 450 kilometers.

The Australian result, and more re-
cent anomalous results reported by
Albert T. Hsui of the University of
Illinois at Urbana-Champaign and
by Donald H. Eckhardt and his col-
leagues at the US. Air Force Geo-
physical Laboratory, are being test-
ed independently by Mark E. Ander,
Mark A. Zumberge and their col-
leagues at the Los Alamos Nation-
al Laboratory, the Scripps Institution
of Oceanography, the University of
Texas at Dallas, the Amoco Corpora-
tion and the Scott Polar Research In-
stitute. This past summer they meas-
ured gravity inside an existing bore-
hole on the continental Greenland
ice sheet, where the uniform compo-
sition of the surrounding ice helped
to reduce errors in their analyses.
The results should be announced
within several months.

Recently there has also been much



excitement over the reanalysis of
the 1909 Eotvos experiment, led by
Ephraim Fischbach of Purdue Uni-
versity. The group found a correla-
tion between the tiny discrepancies
in E6tvos’ results, mentioned above,
and the ratio of baryon number to in-
ertial mass of the various substances
E6tvos had measured. The Purdue
group suggests this correlation may
be evidence for an entirely new “fifth
force” of nature, although we think
that because it is approximately the
same strength as gravity, this force is
anew aspect of gravity itself. The an-
swer ultimately will come from ex-
periment and theory.

Many new experiments have been
mounted to test for composition-de-
pendent effects. At this writing four
results are in: two negative results
from a group at the University of
Washington led by Eric G. Adelberger
and a National Bureau of Standards
group led by James E. Faller, and two
positive results by Peter Thieberger
of the Brookhaven National Labora-
tory and by Paul E. Boynton and his
colleagues at the University of Wash-
ington [see “Science and the Citizen,”
December, 1987].

1l the experiments described so
far test the acceleration of ordi-
nary matter in the gravitational field
of the earth. Recall, however, how
things change if one replaces matter
with antimatter. Such an experiment
would constitute the extreme test of
the equivalence principle. Here the
graviphoton effect is attractive, as is
the graviscalar force. Thus instead of
canceling, the two effects would add
up. Antimatter would then experi-
ence a larger acceleration toward the
earth than matter.

In 1982, motivated by earlier dis-
cussions of this possibility, two of us
proposed an experiment to measure
the gravitational acceleration of anti-
protons at the Low Energy Antipro-
ton Ring (LEAR) at CERN. Since then
many collaborators have joined from
Los Alamos, Rice University, Texas
A. & M. University, the National Aero-
nautics and Space Administration’s
Ames Research Center, the Universi-
ty of Genoa, the University of Pisa
and CERN. The experiment would
extract antiprotons from LEAR, cool
them to just above absolute zero and
then send them, 100 at a time, into a
drift tube, where the time it takes for
them to reach the top will be meas-
ured. Negative hydrogen ions, which
have the same charge and nearly the
same mass as the antiproton, will
provide a time-of-flight measurement

ANTIMATTER
FALLING

ORDINARY MATTER
FALLING

GRAVITON
GRAVIPHOTON
GRAVISCALAR

GRAVITON
GRAVIPHOTON
GRAVISCALAR

iy

NEW PARTICLES would cause matter to exert a force on antimatter different from the
force it would exert on ordinary matter. The graviton and the graviscalar would pro-
duce attraction in both cases, but the graviphoton would produce repulsion for matter
and attraction for antimatter. If the graviphoton and graviscalar effects are almost
equal, they would nearly cancel each other for interactions between ordinary matter,
but for interactions between matter and antimatter they would add up. Antimatter,
then, could fall to the ground perhaps 14 percent or more times faster than matter.

RS *-"r;gﬁ;__‘ 7.3-'2'

Y -Hr‘.

o,

GRAVITY METER is carefully hoisted out of a deep borehole in the Greenland ice sheet
a few miles south of the Arctic Circle. The half-million-dollar device measures local
gravitational force at various positions to a depth of 1,600 meters with a precision of
one part in 100 million. The meter, which is normally used for petroleum prospecting,
is testing for the possible existence of new gravity-related interactions. Seen in the pho-
tograph are Casey Rohn of the University of Nebraska’s Polar Ice Coring Office and
James Wirtz of Amoco. Ted Lautzenhiser is inside the red winch-operating cabin.

55

© 1988 SCIENTIFIC AMERICAN, INC



for ordinary matter. The result will
then be compared with the time of
flight for antiprotons in order to de-
termine whether the antiprotons are
undergoing a larger gravitational
acceleration. The drift-tube method
stems from the pioneering work of
Fred C. Witteborn and William M.
Fairbank, both then at Stanford Uni-
versity, who in 1966 reported meas-
uring the gravitational acceleration
of the electron. Fairbank now hopes
to undertake a state-of-the-art posi-
tron experiment, which would pro-
vide a complement to our antiproton
experiment.

The antiproton gravity experiment
is expected to achieve a precision of
better than 1 percent. If there are in-

N\

TIME OF FLIGHT—>

1

NUMBER OF PARTICLES AT DETECTOR—=»

DECELERATION STAGE

deed both vector and scalar interac-
tions with coupling strengths close
to the normal gravitational force and
ranges of about 450 kilometers, the
antiproton would fall with an accel-
eration 14 percent greater than that
of ordinary matter. If the coupling
strengths are larger than the normal
gravitational force, the effect would
be greater still.

Even if the experiment were to find
no new effects, as the first meas-
urement of the gravitational acceler-
ation of antimatter it would extend
experiments on gravity into new ter-
ritory, just as the Eo6tvos-Dicke and
the Pound-Rebka experiments did.
These experiments got exactly the
results expected by the prevailing

DETECTOR

ACCELERATING GRID — |

SOLENOID

DRIFT TUBE

theory of the day. Yet they were such
beautiful and clear verifications of
physics that they are classics—the
kind of experiments that go into the
textbooks.

But what if the antimatter experi-
ment were to obtain a result that vio-
lated the classical understanding of
gravitation? How would we convince
ourselves and the rest of the commu-
nity of physicists that the outcome
was not an experimental error? When
we discussed this difficulty with two
members of the experimental team,
Ron Brown and Nelson Jarmie, their
eyes lit up. Their response says it all:
“We’d love to have that problem.”
Whatever the outcome, all of us ea-
gerly await the experimental results.

HYDROGEN-ION
SOURCE

STORAGE/
COOLING TRAP

Va

CATCHING TRAP

TRANSFER GRID—_ | :

LAUNCH TRAP —

S

EFFECT OF GRAVITY on antiprotons will be measured at the
Low Energy Antiproton Ring (LEAR) of the European laboratory
for particle physics (CERN). Antiprotons are extracted from LEAR
at an energy of two million electron volts, decelerated to be-
tween 10,000 and 20,000 electron volts and captured in the
catching trap and storage trap, where they are cooled to 10 de-
grees Kelvin (-263 degrees Celsius). They are then launched, 100
at a time, up a one-meter-high drift tube. The antiprotons most
useful to the experiment will have a starting velocity averaging
four meters per second. As they drift upward the tug of gravity
will slow them down. Hence the more energetic particles will
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BENDING MAGNET

reach the detector first and the less energetic ones will reach it
later. There eventually will be a cutoff time after which no more
particles will reach the detector because the slowest particles
will not have enough speed to reach the region of the acceler-
ating grid before their upward motion is overcome by gravity.
The experiment will separately measure and compare the cutoff
time both for antiprotons and for negative hydrogen ions (black
curve), which have the same charge and almost the same mass as
antiprotons. If antimatter were subject to a larger gravitational
force downward than ordinary matter, the antiprotons would
have a shorter cutoff time (colored curve) than the hydrogen.
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Catalytic Antibodies

This new class of molecules couples antibodies’ vast
diversity with the catalytic power that makes enzymes
invaluable for technology, medicine and basic research

by Richard A. Lerner and Alfonso Tramontano

an antibodies be made to serve

as enzymes? These two clas-

ses of proteins seem to have
evolved for different tasks. Enzymes
are distinguished by their catalyt-
ic ability, the ability to accelerate
chemical reactions without being
used up themselves. Antibodies are
unique in their ability to recognize a
diversity of substances.

Yet both classes of proteins exert
their effects in much the same way:
by binding to other molecules. En-
zymes have a cleft or crevice on their
surface, in which they bind chemical
reactants in the course of transform-
ing them. Antibodies have a special-
ized site that enables them to bind to
molecules belonging to foreign or-
ganisms that have invaded the body,
thereby marking the intruders for de-
struction by other components of the
immune system.

The great diversity of antibodies is
a reflection of the immune system’s
defensive function. In its ability to
make perhaps 100 million different
antibodies, each one capable of bind-
ing to a particular foreign substance,
the immune system in effect antic-
ipates the multitude and variety of
possible invaders. The chemical re-
actions of life, in contrast, are stereo-
typed and invariant. Nature is satis-
fied with perhaps a few thousand
enzymes, each one capable of cata-
lyzing one or a few reactions.

Without a catalyst most biochem-
ical reactions proceed with impos-
sible slowness. Whether they take
place in living organisms, in the labo-
ratory or in industrial processes,
these transformations depend cru-
cially on the small array of existing
enzymes. Yet for a reaction that is
not biologically essential there is of-
ten no enzyme. The immune system,
however, can make an antibody to al-
most any substance, and it is now
possible to isolate a supply of pure
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“monoclonal” antibody that has a
single target molecule. Is there any
way to build on the basic similarity
between antibodies and enzymes in
order to give antibodies the ability to
catalyze chemical reactions?

In our laboratories at the Research
Institute of Scripps Clinic we have
been learning about the structural
details of an antibody’s interaction
with its target molecule. Recently
this new knowledge, combined with
other chemical intuitions, has sug-
gested ways to harness for catalysis
the energy with which antibodies
bind to their targets. We have already
produced the first catalytic antibod-
ies, and the research could ultimate-
ly bear fruitin a virtually limitless va-
riety of catalytic antibodies for use
in biotechnology, medicine and in-
vestigations of protein structure and
function.

ven though ordinary antibodies

do not catalyze reactions in living
organisms, they do show certain fea-
tures suggesting a potential for ca-
talysis. Working with Elizabeth D.
Getzoff and John A. Tainer of Scripps
and H. Mario Geysen of the Common-
wealth Serum Laboratories in Austra-
lia, we found that antibodies can
induce structural changes in their
target molecules. We first elicited an-
tibodies to a protein by injecting it
into experimental animals. We went
on to determine which parts of the
original protein the resulting anti-
bodies bound to most readily and
how they gained access to those anti-
genic segments.

As a prototypical target protein we
chose myohemerythrin (MHR), which
serves in certain marine worms as an
oxygen carrier. Like other proteins,
MHR consists of a long chain of amino
acids, folded into a specific three-
dimensional form. The sequence of
MHR’s amino acids is known, and
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its three-dimensional fold was de-
termined through X-ray crystallogra-
phy by Steven Sheriff of the National
Institute of Diabetes and Digestive
and Kidney Diseases, Wayne A. Hen-
drickson of Columbia University and
Janet D. Smith of Purdue University.
The sequence information enabled
us to synthesize peptides—short se-
quences of amino acids—mimicking
segments of the protein. The struc-
tural information then told us which
site on the protein each of the pep-
tides represented.

We tested each peptide for its abili-
ty to interact with anti-MHR antibod-
ies and took the result as a measure
of antibody binding to the corre-
sponding site on the folded protein.
The resulting antigenic map of MHR
showed that every site on the protein
is the target of a few antibodies, but
the most reactive sites are those at
which the protein’s structure is flexi-
ble and its amino acids form a con-
vex surface, which presumably fits
the concave binding pocket of one or
another antibody.

We then examined the antibodies’
binding preferences in more detail.
To find out which amino acids are
crucial to binding at a given site, we
synthesized peptides mimicking the
antigenic site atevery amino acid but
one, where a different amino acid
was substituted. Again we tested the
peptides for their reactivity with anti-
MHR antibodies, noting the effect of
each substitution. If a substitution
reduced the reactivity substantially,
the original amino acid must be in-
volved in antibody binding.

To our surprise, not all the amino
acids crucial to binding can be found
on the surface of the protein, where
they are directly exposed to antibod-
ies. In one sequence of amino acids
representing an antigenic site, for ex-
ample, antibodies must interact with
the amino acids valine, tyrosine and



glutamic acid to bind effectively. Re-
placing any one of the three sharply
reduces the reactivity of the peptide.
Now, the three-dimensional struc-
ture of MHR shows that only valine
and glutamic acid are available at the
surface of the protein; tyrosine (and
in particular its bulky side chain) is
buried in the protein’s interior. It is
hidden under the glutamic acid and
another nearby amino acid, lysine,
which are held together by a weak
electrostatic bond. The tyrosine resi-
due would seem to be inaccessible to
an antibody interacting with the sur-
face of MHR.

As the antibody binds, then, the ty-
rosine must somehow be presented
on the protein surface. If the struc-
ture in which tyrosine is buried is
the protein’s stablest (lowest-energy)
configuration, then the bound anti-
body must hold the protein in a rela-
tively high-energy form. The anti-
body must expend energy to do so;
the source of the energy must be the
antibody’s binding strength.

Proteins are dynamic molecules;
their bonds forever stretch, twist and
vibrate. It may be that the tyrosine
side chain occasionally rotates out
to the surface of the protein, break-
ing the weak bond between glutam-
ic acid and lysine, and is stabilized
there by the bound antibody. Alter-
natively, the initial interactions of
the antibody with the protein may
foster the cleavage of the bond.
The buried side chain could then
rotate outward to interact directly
with the antibody.

n either case, the results say some-

thing of fundamental importance
about antibodies and their binding
ability: some antibodies may bind
most readily to high-energy states of
their target molecules. In stabilizing
these states the antibodies in effect
overcome bonds or forces that exist
in the targets’ low-energy form. In
this, antibodies are something like
enzymes. Enzymes also alter bonds
in their substrates, or target mol-
ecules. To be sure, the covalent
bonds broken by enzymes are much
stronger than the ones overcome by
antibodies. Yet enzymes bind to their
targets no more strongly, on the
whole, than antibodies do. If binding
energy is responsible for the catalyt-
ic ability of enzymes, might antibody
binding also be put to work so that
instead of simply labeling their tar-
gets, antibodies actually transformed
them chemically?

The way enzymes work suggests
a means of doing just that. The effect

ACTIVE SITE is a binding pocket in both an enzyme (top) and an antibody (bottom). Both
kinds of molecules bind to other substances. In so doing enzymes catalyze a chemical
change in their target substances; antibodies merely tag their targets (molecules char-
acteristic of foreign organisms) for recognition and destruction by other parts of the
immune system. The authors have found that the binding energy of antibodies can be
directed so that they too can transform their targets chemically. The computer images,
showing the enzyme chymotrypsin and a specific antibody cut away to reveal the pro-
teins’ backbone (blue at top, red and blue at bottom), were made by Arthur J. Olson of the
Research Institute of Scripps Clinic using the MCS graphics program developed by Mi-
chael L. Connolly of Scripps. Each binding pocket is filled by a small molecule ( green).
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of an enzyme can be understood in
terms of the energetic demands of
a reaction. Chemical processes can
be described by energy surfaces in
which stable molecules are defined
by deep wells. For one molecule to be
transformed into another, its atoms
must travel across the energy sur-
face from one well to another. The at-
oms must first gain energy until they
reach a crestand then lose energy to
fall into the stable product well. The
highest point on the reaction path
corresponds to a dynamic, unstable
transition state in which bonds are
only partially formed or broken. The
transition state exists for just a fleet-
ing instant during the journey from
reactants to products.

The difference in height of the
points on the energy surface repre-
senting the starting materials and the
transition state is the reaction’s ac-
tivation energy. It is the energy bar-
rier that must be surmounted before
the reaction can coast to completion.
The higher areaction’s activation en-

MYOHEMERYTHRIN (MHR), the oxygen-carrying protein of a
marine worm, was mapped to show antibodies’ binding prefer-
ences. Peptide molecules mimicking short segments in the pro-
tein chain (left) were synthesized. The degree to which antibod-
ies elicited by the whole protein reacted with each peptide was
mapped onto the protein surface (right). The most reactive re-
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ergy is, the slower it proceeds. An
enzyme speeds up a reaction by
lowering its activation energy:
changing the topography of the ener-
gy surface to provide a pathway
crossing a smaller energy “hill.”

In 1946 Linus Pauling suggested
one way in which an enzyme might
lower a reaction’s energy barrier: by
binding most strongly not to the re-
actants but to the transition state.
The transition state is thereby stabi-
lized, and as a result less energy is
needed to form it; the reaction is ac-
celerated, often by factors of sever-
al billion. The enzyme’s effect is cat-
alytic because the products diffuse
away from it, enabling it to bind and
transform molecules of the substrate
repeatedly.

In Pauling’s scheme the fundamen-
tal difference between the actions
of enzymes and antibodies is that
whereas enzymes bind most readily
to high-energy activated states, anti-
bodies bind to low-energy structures.
Many years ago William P. Jencks of
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Brandeis University proposed that if
one could develop an antibody to a
transition state (a high-energy struc-
ture), that antibody might have a
catalytic effect on the corresponding
chemical reaction.

An effort to develop antibodies that
bind to a transition state faces a prac-
tical problem, however. To elicit anti-
bodies one needs an antigen, which
is injected into an experimental ani-
mal to induce an immune response.
Here the true antigen is unavailable:
the transition state itself is so un-
stable that for practical purposes it
does not exist. An answer to the di-
lemma came from another of Pau-
ling’s proposals. He predicted that,
given a reaction for which an en-
zyme exists, a stable substance
might mimic the transition state in
shape and charge. Such a transition-
state analogue would bind very tight-
ly to the enzyme, inhibiting its cata-
lytic action by filling the binding
pocket and preventing it from bind-
ing to its true substrate. Over the past

gions are red; regions of intermediate reactivity are yellow and
the least reactive regions are blue. The antibodies preferred
sites at which the surface is convex and the protein’s chemical
groups are highly mobile. Both traits may ensure a good fit be-
tween the binding pocket and the surface. The computer images
were made by Elizabeth D. Getzoff and John A. Tainer of Scripps.
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LINCOLN
What a luxu?z car should be.

The world’s most advanced luxury-car steering
system. The problem with most power steering
systems is that they don't compensate for a basic
trait of the automobile—constantly changing
speeds. An automobile carving through a turn at
55 mph ideally doesn’t

need as much power assist

as one turning at 35 mph.

Or at 10 mph. Continental’s

speed-sensitive variable-

assist steering solves the

problem by constantly monitoring vehicle speed,
then adjusting power assist to match the driver's
needs. Maximum assist at slow speeds for easy
maneuvering. minimum assist at higher speeds
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for proper road “feel” and precise cornering abi
and graduated levels in between.

The world’s most advanced luxury-car suspens
system. It's a dual-damping electronically con-
trolled air suspension. And it can actually modi
Continental’'s over-the-road behavior to let it ex
in both

ride and

handling.

Sophisti-

cated

sensors monitor lateral acceleration forces, the
severity of road conditions, even the rate of ac«
eration or deceleration. When input from eithel
the road or the driver calls for a stiffer suspensi
Continental answers the call with a nine-fold
increase in shock damping. Continental’s persc
ality changes from smooth-riding luxury car to
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Le three automobiles pictured above, the Lincoln
: nental. Lincoln Mark VIl LSC, and Lincoln Town
w 1a1' are not only three superb lessons in how to build
a luxury car, they are three superb examples of an
“ |age-o|d economic lesson. Paying more for something
| doesn't always get you more.
i Lincoln believes building a luxury car demands not
just a true sense of luxury, but fiscal sense as well.

So if you've been noticing the escalating prices of
some luxury makes lately and find yourself asking,
“What price status?; you can find the remedy in

a simpler question. “What price Lincoln?”

Lincoln. What a luxury car should be.
LINCOLN-MERCURY DIVISION

Buckle up—together we can save lives.
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20 years a number of compounds
have been synthesized that behave
.the way Pauling predicted.

Such a transition-state analogue,
then, might serve as an antigen
that would induce antibodies capa-
ble of recognizing the actual transi-
tion state, stabilizing it and perhaps
acting on the substrate as a true cata-
lyst. We began our exploration of the
possibility by focusing on a reaction
known as ester hydrolysis, in which
a water molecule attacks a chemical
group known as an ester to produce a
molecule of an acid and a molecule of
an alcohol. An ester group consists of
a central carbon atom bound to two
oxygen atoms and another carbon.
The central carbon is doubly bonded
to one of the oxygens, with which it
forms the acid product; the other ox-
ygen, which is destined to become
part of the alcohol product, links
up with another organic group. In
the hydrolysis reaction the bond be-
tween the central carbon and the ox-
ygen of the alcohol group is broken
and a new bond forms between the
carbon and the oxygen in water.

The four atoms of the ester bear
little charge and lie in a plane. As a
water molecule interacts with the es-
ter, however, the reaction passes
through a transition state in which
the central carbon is surrounded by
a tetrahedral arrangement of three
oxygens, some of them carrying an
electric charge, and a carbon. In the
transition state the bonds not only
are reoriented but also are stretched
to perhaps 120 percent of their nor-
mal length. The distinctive features
of the transition state indicate that
the ester itself cannot serve as an an-
tigen for inducing catalytic antibod-
ies. The ester would elicit antibodies
capable of recognizing and stabiliz-
ing only the starting material of the
reaction. Such antibodies would in-
crease rather than lower the reac-
tion’s energy barrier.

What is needed is a transition-state
analogue. Substituting a phospho-
rus for the central carbon in the tran-
sition state’s tetrahedral ensemble
of atoms yields a stable compound
known as a phosphonate ester. The
distribution of charge on the oxygen
atoms of the molecule resembles that
of the transition state. In addition the
phosphorus-oxygen bonds are about
20 percent longer than ordinary car-
bon-oxygen bonds, which enables
the analogue to mimic the elongated
bonds of the transition state.

We synthesized such an analogue,
coupled it to a carrier protein and

ANTIGENIC SITE on myohemerythrin includes several amino acids, three of which are
essential to the ability of a matching peptide to react with anti-MHR antibodies. Two of
these amino acids, valine ( green) and glutamic acid (red), are on the surface of the pro-
tein, but the third one, tyrosine ( yellow), is buried in the interior, under a weak electro-
static bond formed between glutamic acid and a fourth amino acid, lysine (blue). To in-
teract with the tyrosine an antibody must somehow favor a rearrangement in which the
bond is broken and the surface amino acids are parted, allowing the tyrosine to swing
outward (arrows). The computer-graphics image was made by Getzoff and Tainer.

TYROSINE SIDE CHAIN ROTATES about the protein backbone (red) when an antibody
binds to the antigenic site shown in the top illustration on this page. The rearrange-
ment may occur through random thermal motion and simply be stabilized by the
bound antibody; alternatively, the antibody might actively reshape the surface of the
protein and induce the change in amino acid conformation. The image was made by Mi-
chael E. Pique, Getzoff and Tainer using Connolly’s computer-graphics program Mcs.
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ENERCY —=>

REACTANTS

TRANSITION STATE

PRODUCTS

REACTION COURSE —>

ENERGY PROFILE charts the energetic demands of a hypothetical chemical reaction,
from reactants to products. From its starting point the curve rises by an amount repre-
senting the reaction’s activation energy. It reaches a peak corresponding to the re-
action’s transition state, an ephemeral complex of atoms that has no resting state.
Enzymes catalyze a reaction in part by binding to the transition state and thereby sta-
bilizing it. The activation energy of the uncatalyzed reaction (black curve) is low-
ered (colored curve) and the process is accelerated, often by a factor of several billion.

immunized mice with the conjugate.
We then extracted antibody-secret-
ing spleen cells from the mice. We
fused the spleen cells with tumor
cells to generate clones of identical
antibody-secreting cells. An antigen
ordinarily induces the production of

WATER

HYDROLYSIS OF AN ESTER passes through an unstable transi-
tion state whose distinctive shape and charge can be mimicked
by a stable molecule. The ester group and the acid product,
which inherits the ester’s central carbon, have a planar geome-
try and carry no electric charge. (R and R’ represent chemical

66

many different antibodies that bind
to many different sites on the mole-
cule, buteach antibody-secreting cell
(and the clone derived from it) makes
just one kind of antibody. In order to
find cells that were secreting anti-
body to the transition-state analogue

TRANSITION STATE

TRANSITION-STATE ANALOCUE
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and not, say, to sites on the carrier
protein, we tested each monoclonal
antibody for the ability to bind to the
transition-state analogue.

Having identified monoclonal anti-
bodies specific for the analogue, we
tested their ability to catalyze the
hydrolysis of the corresponding es-
ter. Some of the antibodies had no
effect; perhaps they were specific for
a feature of the molecule that is not
matched in the transition state itself.
But we were gratified to find that
other antibodies actually behaved as
catalysts and accelerated the ester
hydrolysis by a factor of about 1,000.
As we expected, the phosphonate es-
ter with which the antibodies had
been induced inhibited their catalyt-
ic action, presumably by preempting
the binding of the substrate. Like the
recognition ability of ordinary anti-
bodies, the catalytic activity of these
molecules was highly specific: they
catalyzed hydrolysis only for esters
having a transition-state structure
that closely matched the immunizing
antigen.

At about the same time as we did
our experiments Scott J. Pollack, Jef-
frey W.Jacobs and Peter G. Schultz of
the University of California at Berke-
ley carried out a somewhat different
experiment based on the same prin-
ciple. They began with an antibody
specific for phosphoryl choline, a
molecule containing a phosphorus
atom tetrahedrally bound to four ox-
ygens. The three-dimensional struc-

ALCOHOL

groups that do not take part in the reaction.) The transition state
is tetrahedral and is polarized: a partial negative charge is con-
centrated at one apex. A stable analogue, in which phosphorus
takes the place of the central carbon in the transition state, mim-
ics its geometry and approximates its distribution of charge.



ture of the antibody had been solved
by David R. Davies and his col-
leagues at the National Institute of
Arthritis, Metabolism, and Digestive
Diseases, and it suggested that the
binding pocket neatly accommodat-
ed the tetrahedral phosphate group.

The Berkeley team reasoned that
this antibody might stabilize the
transition state for a hydrolysis reac-
tion and thereby catalyze the proc-
ess. The group therefore set about
designing a reactant that would give
rise to a transition state resembling
phosphoryl choline in charge and
shape. To pass through a tetrahe-
dral transition state containing four
oxygens, the reactant had to con-
tain a carbonate group (a carbon
coupled to three oxygens). When the
investigators synthesized an appro-
priate carbonate, they found that
their antibody accelerated its hydrol-
ysis many hundredfold.

he Berkeley result supports the
concept that stabilizing the tran-
sition state is the key to catalysis
by antibodies. To demonstrate the
broader principle, that it is possible
to extract a catalyst of predetermined
specificity from the immune system,
one has to begin as we did, with an
antigen. Our experiment points to a
general scheme for developing cata-
lytic antibodies. From study of chem-
ical mechanisms one infers the shape
and charge distribution of a reac-
tion’s transition state. Basic chemical
considerations guide the design of a
stable transition-state mimic, which
serves to elicit an antibody with a
complementary binding pocket. The
development of catalytic antibodies,
then, is largely a matter of designing
and preparing the proper antigen.
The catalytic antibodies produced
by careful antigen design can show
not only chemical selectivity and cat-
alytic efficiency but also a third prop-
erty characteristic of enzymes: the
ability to distinguish between stereo-
chemically different forms of a mole-
cule. In particular, molecules that
contain a carbon atom bound to four
different groups can exist in two
forms that are chemically identical
but are mirror images, related to
each other as the left and right hands
are related. The two enantiomers, or
mirror-image forms, of such a chiral
compound react identically with oth-
er, nonchiral substances. In a reac-
tion between two chiral compounds,
however, specific enantiomers may
interact preferentially, just as there is
a specific match between each hand
and its respective glove.

All but one of the amino acids are
chiral, and so are the proteins they
compose. Most living things build
their proteins from only one enantio-
mer of each amino acid. Hence en-
zymes, like other proteins, exist in
only one chiral form. In a reaction
that has a chiral starting material or
product, an enzyme often will selec-
tively catalyze the process for only
one enantiomer. One would expect
catalytic antibodies—which are chi-
ral proteins themselves—to show the
same stereospecificity.

Working with Andrew Napper and
Stephen J. Benkovic of Pennsylvania
State University, we tested for stereo-
specificity by studying a reaction in
which the substrate, transition state
and product are all chiral. The reac-
tion forms a bond between an oxy-
gen at one end of a chainlike mole-
cule and a carbon at the other end,
transforming the starting material
into a ring molecule called a lactone.
A carbon atom in the middle of the
chain is bound to four different
groups and is chiral. It defines two
enantiomers of the substrate, the
transition state and the products. A

stereospecific catalyst should pref- -

erentially bind to one enantiomer
of the transition state, thereby trans-
forming just one form of the sub-
strate into one form of the product.
The reaction passes through a tet-
rahedral transition state resembling
the transition state for ester hydrol-
ysis. As before, we created a transi-
tion-state analogue by replacing the
tetrahedral carbon with a phospho-
rus atom. We injected the analogue
into experimental animals and ob-
tained monoclonal antibodies. Al-
though the analogue was a mixture
of chiral forms, each monoclonal an-
tibody recognized only one enantio-
mer. One of these antibodies had a
catalytic effect. As expected, the cata-
lyzed reaction consumed only half of

CATALYTIC ANTIBODY for a reaction
(an ester hydrolysis in this case) is made
by coupling a transition-state analogue (a)
to a carrier protein and injecting the com-
bination into an experimental animal.
Antibody-secreting spleen cells are taken
from the animal and fused with cells from
a myeloma, a bone-marrow cancer. The
hybrid antibody-secreting cells divide
indefinitely, making it possible to obtain
clones of cells, each hybrid clone secret-
ing a monoclonal antibody that has a
unique binding pocket. One then selects a
clone making antibody specific for the
analogue. The antibody may also be capa-
ble of binding to the transition state itself
(b) and thereby catalyzing the reaction.

© 1988 SCIENTIFIC AMERICAN, INC

~ TRANSITION-STATE
a ~ ANALOGUE

MYELOMA
CELLS
e

%o

%

CARRIER
PROTEIN

e

\
©®® SPLEEN
®g ®CELLS

>__QQ_( CLONE
<~ T




REACTANT TRANSITION STATE LACTONE
o o}
(o« Q

) o~ (o)

‘ R > | + R —OH
G C
5 |

OH
H H
| OH ]
_ : | 5 .
1IN e AN
| ~H | ~H | ~H
L OH R R
—R
O\P/O
N

I
C
I N R TRANSITION-STATE ANALOGUE
H

TEST OF STEREOSPECIFICITY for catalytic antibodies was a reaction in which a mole-
cule containing an open chain of oxygen and carbon atoms is transformed into a cyclic
compound called a lactone. The starting material, the transition state and the product
all contain a chiral carbon (color): a carbon bound to four chemical groups that can have
two mirror-image configurations (top and middle). The authors synthesized a transi-
tion-state analogue and made an antibody that would bind to just one form of the ana-
logue. The antibody catalyzed the formation of only one form of lactone, which shows
it was stereospecific: it distinguished between the chiral forms of the transition state.

TRYPSIN, a digestive enzyme that catalyzes the hydrolysis of proteins, speeds the re-
action not only by stabilizing the transition state as an amide (carbon-nitrogen) bond is
broken but also by acting chemically on the amide group, through amino acid side
chains in the binding pocket. Three amino acids (green) form a “catalytic triad” in tryp-
sin and several related enzymes. The side chains react with the bound protein to form
transition states of lower energy than the transition state of the uncatalyzed hydroly-
sis reaction (see illustration on opposite page). The image, which shows the protein’s sur-
face and backbone, was made by Olson using Connolly’s program Mcs; it is based on X-
ray crystallography by Robert Huber and his colleagues at the University of Munich.

68

© 1988 SCIENTIFIC AMERICAN, INC

the starting material, in which enan-
tiomers of the progenitor molecule
were mixed, and it yielded just one
chiral form of the lactone product.
The antibody’s action, then, was ster-
eospecific, presumably because its
binding pocket was shaped to recog-
nize only one form of the reaction’s
transition state.

Stereospecificity is likely to be a
general property of catalytic antibod-
ies, and it could suit them to a role
in a number of industrial processes,
including the synthesis of therapeu-
tic drugs. Certain drug molecules
contain one or more chiral centers,
which give rise to several stereo-
chemically different forms of the
drug. Usually only one form of the
molecule reacts properly with the
drug’s receptor site in the target cell.
The wrong form can be useless or, if
itreacts with unintended receptors in
the body, even harmful.

he same considerations that en-
abled us to produce catalytic an-
tibodies for reactions of simple mole-
cules such as esters point the way to
making antibodies for cleaving pro-
teins and nucleic acids—the funda-
mental molecules of life and hence
the principal materials of molecu-
lar biology and biotechnology. The
structural bonds in proteins are am-
ide bonds, which join a carbon in one
amino acid to a nitrogen in an adja-
cent amino acid on the protein chain.
In the transition state for amide hy-
drolysis the carbon at one end of the
bond adopts a tetrahedral geometry
much like the transition state in ester
hydrolysis—a configuration readily
mimicked with a phosphorus-con-
taining analogue. An antibody elic-
ited with such an analogue, which
might also include a few of the amino
acids flanking the target bond on the
protein chain, might cleave a protein.
Its action would be highly specific:
it would hydrolyze only the bond
residing within the amino acid se-
quence mimicked by the analogue.
Amide bonds are exceedingly sta-
ble, however, and antibodies capable
of accelerating their hydrolysis have
yet to be devised. One difficulty may
be that simple transition-state bind-
ing is not enough for accelerating re-
actions whose activation energy is
very high. The binding pocket of the
catalytic protein (whether it is an an-
tibody or an enzyme) must also be
able to intervene directly in the reac-
tion, changing its chemical mecha-
nism so that a molecule is able to
cross the energy surface from the

. substrate well to the product well by



an alternative pathway oflower ener-
gy. Thatis, the amino acids lining the
binding pocket must take part direct-
ly in the reaction.

The action of the amino acids (or,
more precisely, their side chains) is
analogous to the catalytic effect of
simple compounds or ions in solu-
tion. Unlike enzymes, these species
are too small to enclose the substrate
in a binding pocket, and yet they can
act as catalysts by forming transient
chemical bonds with the reacting at-
oms. A simple base, for example, can
accelerate ester hydrolysis by re-
moving a hydrogen ion from a water
molecule. The resulting hydroxide
ion reacts with the ester group much
more readily than the water mole-
cule does on its own. Alternatively, a
small molecule with an affinity for
carbon can substitute for the water
molecule to break the carbon-oxy-
gen bond, releasing the alcohol and
forming a complex, or intermediate,
with the remainder of the ester. A wa-
ter molecule then displaces the cata-

lyst and releases the acid product of
the hydrolysis.

The amino acid side chains in an
enzyme’s binding pocket have an ad-
vantage over catalytic groups in free
solution in that they need not rely
on chance to bring them together
with the target molecule. In many en-
zymes three or more groups interact
simultaneously with the substrate. If
those groups existed as small mol-
ecules in a solution, their juxta-
position would be quite unlikely,
even disregarding the requirement
that they all be oriented properly.
By aligning active groups with one
another and with the bound sub-
strate, the binding pocket of the en-
zyme makes possible catalytic mech-
anisms that would be virtually ruled
out otherwise.

For example, the “catalytic triad”
of the amino acids aspartate, histi-
dine and serine, precisely positioned
within the enzyme binding pocket, is
known to be crucial to the function-
ing of trypsin and other enzymes

that break down proteins in the di-
gestive tract. As the enzyme attacks
an amide bond the three amino acids
act in unison to dismantle the bond,
step by step. First the carbon at one
end of the amide bond is linked to the
serine and the part of the protein end-
ing with the nitrogen is released;
then a water molecule reacts with the
serine-substrate complex to release
the remainder of the protein and re-
store the enzyme to its resting state
[see illustration below].

Hence, by direct participation of
side chains in the binding pocket, an
enzyme can break down a reaction
that ordinarily passes through one
high-energy transition state into a
series of simple steps having transi-
tion states of lower energy. It is con-
venient to describe this aspect of
enzyme action as a process distinct
from transition-state binding, but in
fact the two functions are linked.
The binding pocket of the enzyme
may stabilize the subsidiary transi-
tion states, lowering the energetic
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CATALYTIC TRIAD of aspartate, histidine and serine (1) acts in
concert to break an amide bond of a protein in the active site of
trypsin. The oxygen on serine is freed to attack the carbon as a
proton (a hydrogen ion) is attracted from histidine to the nega-
tively charged oxygen of aspartate, and another proton shuttles
from serine to histidine (2). The first proton then returns and the
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second one attacks the nitrogen (3). As part of the protein is re-
leased, a water molecule takes its place, and the proton shuttle is
played out again, this time forming a hydroxide group (OH) that
attacks the bond between the carbon and the oxygen on serine
(4). The bond is broken, the remainder of the protein is released
(5) and the catalytic triad is restored to its resting condition (6).
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cost of their formation, as well as tak-
ing part in them directly through
amino acid side chains.

In antibodies too the binding pocket
is lined with precisely oriented side
chains, some of which could well
play a role in catalysis. Can the im-
mune system be coaxed into produc-
ing an antibody whose binding pock-
et not only would stabilize a reac-
tion’s transition state but also would
take part in the reaction directly and
alter its pathway? Antibody mole-
cules have their greatest variability
in the segments of protein making up
their binding pockets; even antibod-
ies that recognize the same antigen
may have pockets containing differ-
ent sets of amino acids. Through me-
ticulous antigen design it might be
possible to elicitan antibody bearing
specific amino acids that could par-
ticipate in a reaction. One might, for
example, try to design not a static

mimic of the transition state buta dy-
namic one: a compound that, in imi-
tation of the transition state, would
react chemically with the binding
pocket of an appropriate antibody.
Indeed, the staggering variability
of antibody binding sites opens the
possibility of developing antibodies
that would bring many different sets
of catalytic side chains to bear on the
same reaction. Each of hundreds or
thousands of antibodies to the same
transition-state analogue might cata-
lyze the reaction by a slightly differ-
ent mechanism, depending on the
constellation of side chains in the
binding pocket. We have already
seen some evidence for a diversity of
mechanisms in our catalytic antibod-
ies for ester hydrolysis: whereas our
first antibody accelerates the reac-
tion by a factor of 1,000, other anti-
bodies to the same transition-state
analogue accelerate the reaction by a
factor of as much as seven million.

“HYPERVARIABLE LOOPS” (color) of protein make up an antibody’s binding pocket.
Here one arm of a Y-shaped antibody molecule is shown; two of the antibody’s polypep-
tide chains each contribute three hypervariable loops to form the pocket. The chemical
makeup of an antibody’s binding pocket might enable amino acids there to take part
directly in a transition state as the antibody catalyzed a reaction. Because the composi-
tion of the pocket varies widely among the many millions of antibodies, there might be
many different catalytic antibodies for a single reaction, each of them bringing a dis-
tinctive catalytic mechanism to bear on the process. The image was made by Pique.
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Such adiversity of catalytic mecha-
nisms could prove a boon for the
study of protein catalysis. What spe-
cific features account for the remark-
able efficiency of the enzymes found
in nature? What features represent a
minimum requirement for their ac-
tivity? How might less efficient, evo-
lutionarily more primitive enzymes
have been structured? These ques-
tions have motivated detailed stud-
ies of existing enzymes. Study of the
catalytic effect of antibodies whose
binding pockets vary subtly in their
makeup will provide an efficientnew
means of addressing such questions.

he catalytic antibodies devised

so far by us and by others trans-
form comparatively simple com-
pounds. Much of the potential of
these new protein catalysts for bio-
technology and medicine depends
on the development of antibodies
that are able to act on proteins or nu-
cleic acids. Existing proteases (pro-
tein-cleaving enzymes) are few in
number and relatively nonspecific in
their action: they cleave their target
bond with little regard for its chemi-
cal surroundings. Catalytic antibod-
ies might hydrolyze amide bonds
that are resistant to the known prote-
ases, and they might be much more
sensitive to the specific amino acids
flanking the target bond.

Such catalysts could be put to use
in medicine—for example in vaccina-
tion. Current vaccines mimic a patho-
gen, such as a virus, in order to in-
duce protective antibodies. An anti-
viral vaccine of the future might
mimic just the transition state in the
hydrolysis of one viral protein. It
might induce catalytic antibodies
that would protect the recipient by
actively breaking down the invading
virus. At the same time the antibod-
ies would spare the host’s own pro-
teins. By the same principles one
might stimulate the immune system
of a patient with heart disease to pro-
duce antibodies that would break up
the proteins in blood clots, forestall-
ing heart attacks.

Catalytic antibodies, then, could
extend the immune system’s innate
capacity to defend the body. They
will certainly contribute to biotech-
nology and to basic research both in
chemistry and in molecular biology.
Those disciplines should profit di-
rectly, from an expanded molecular
toolbox. They might also profit in un-
foreseen ways, from the opportunity
to explore the full potential of protein
binding pockets for fostering chemi-
cal reactions.
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Construction Cranes

These hoisting machines have diverged into various
forms to meet the special needs of urban construction
and are indispensable components of the building trade

by Lawrence K. Shapiro and Howard I. Shapiro

ranes have been fundamental

tools of construction since an-

cient times. In a modern urban
setting, where construction heads
upward, the outstretched booms of
tall construction cranes lace the sky-
line, virtual icons of development
and telling gauges of the economic
health of a city. To the builder they
are more than that, of course, They
are the powerful, maneuverable ma-
chines that make building a modern
skyscraper economically feasible.

Over the years the appearance and
capabilities of these machines have
changed dramatically but their func-
tion has remained essentially the
same. Cranes employ cables and pul-
leys to raise and lower loads that
would otherwise be too heavy to
hoist aboveground; once those loads
are lifted, cranes move them about
horizontally and maneuver them
into position accurately.

As long ago as the first century A.D.
cranes were powered by men who
raised and lowered ropes by shift-
ing the weight of their bodies inside
a circular treadmill. It was not until
the 1800’s, when the steam engine
was introduced, that a significant
advance was made on that pow-
er source. Today modern cranes rely
on technologies such as microproc-
essors for load monitoring, high-
strength steels for weight reduction
in critical areas and advanced power
transmission systems for fine-tuned
control.

A crane is essentially a block-and-
tackle system that is suspended from
a boom and powered by its own en-
gine. In the simplest arrangement a
single rope runs from the hook to a
pulley, called a sheave, at the head
of the boom and down to a winding
drum near the base of the boom.
When the crane operator pulls on
the hoist lever, the drum begins to
turn; as the wire-rope hoisting cable
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spools onto the drum, the hook and
its load rise accordingly.

There is no mechanical advantage
in this simple system with a single
line of rope; to lift an object, the force
on the rope must slightly exceed the
weight of the load. A mechanical ad-
vantage can be created, however, by
adding sheaves and thus distributing
the weight of the load to several lines
of rope. If, for example, two sheaves
are added to the hook block and
three are added to the boom end of
the hoisting system, the mechanical
advantage is increased almost five-
fold (a small percentage is lost to
friction). This is accompanied by
a matched reduction in the hook’s
speed of ascent (in this case the as-
cent is slowed by a factor of five).
The relative advantages of each ar-
rangement must be evaluated in
advance; a job that demands rapid
hoisting time will call for a crane
with a simple pulley system. A job
that involves the hoisting of heavy
loads or the slow ascent of delicate
pieces of equipment will call for a
crane with multiple sheaves.

Modern Cranes

Modern cranes fall into two func-
tional categories: those that are em-
ployed in industry and those that are
employed in construction. Although
the distinction between them is not
absolute, the different work environ-
ments often call for cranes with dif-
ferent capabilities. Moreover, there
is a fundamental disparity in the
responsibilities imposed on the oper-
ators of the two kinds of machines.
Industrial cranes often perform re-
petitive, well-defined functions with-
in a known operating environment,
whereas construction cranes must be
capable of performing a variety of
tasks under changing conditions.

A good example of an industrial
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crane is a port crane. It lifts con-
tainers of predetermined size and
weight from one clearly defined area
to another, and each lift deviates
very little from the one preceding
it. The geographic location, support
conditions and load-handling re-
quirements of the port crane can be
determined in advance and a crane
can be matched to the specifications
of the job. In some cases the lifting
process is so repetitive that it can
be partly automated, minimizing the
skills required of its operator.
Construction cranes, on the other
hand, are standard production units
that must operate under conditions
that are anything but constant; only
the machine’s operating capabilities
are defined in advance. For this rea-
son heavy reliance must be placed
on the skill of the people responsi-
ble for the planning and operation
of these cranes. Also, site conditions
and lift requirements may differ from
one construction project to the next
and in the course of construction at a
single site as the work progresses
from belowground to the roof. A tow-
er crane (so called because it oper-
ates from the top of a towerlike struc-
ture) may operate in one environ-
ment at the start of a project, when it
is sheltered from high winds, and in
a different environment at the end,
when at its full height it may be buf-
feted by winds of 100 miles per hour.
Construction cranes operating in
U.S. cities today are extraordinari-
ly diverse, a phenomenon that can
be explained at least in part by their
separate evolutionary histories in Eu-
rope and in North America. In Eu-
rope modern cranes were designed
to function in cities where the build-
ings were not very tall, the streets
were narrow and the population was
dense. These conditions called for
cranes that were quiet, relatively
unobtrusive and safe. Europe’s an-



swer to those demands was the tower
crane, which first appeared in large
numbers during the 1950’s. It is a
tall, slender, latticed structure that
rises above the building under con-
struction and has the advantage of
having both its operator and its
working boom above the construc-
tion site. Moreover, because these
cranes are equipped with electric
drives, they are able to operate quiet-
ly, but with circumscribed speed, ac-
celeration and lifting capabilities.

In the U.S., in contrast, the crane
industry had its beginnings in the
heavy industrial belt of the Middle
West. Cranes began to proliferate
there in the early part of the 20th
century, manufactured by the same
companies that produced mining
shovels and excavating equipment.
These early crane makers were not
concerned about urban congestion
but wanted a versatile machine that
could be applied to a multiplicity of
jobs, ranging from construction work
to river dredging to soil excavation.
For that reason they designed cranes
that were mobile, rugged and power-
ful and were driven by internal-com-
bustion engines. Such cranes were
operated largely on the basis of op-
erator discretion. A good operator
could handle the machine and load
with finesse, but in careless hands
the great power of the crane could
lead to its self-destruction.

In the 1950’s high-strength steels
were introduced at about the time
that economic factors created a de-
mand for taller residential buildings.
These developments led to the ap-
pearance of the long-boom mobile
crane mounted on either a trucklike
chassis or a crawler base with cater-
pillar treads. From that point on, the
mobile crane became an urban fix-
ture, joined several years later by the
tower crane. At present, construc-
tion cranes of all types are manufac-
tured and distributed throughout the
world. Mobile and tower cranes have
both become commonplace in Amer-
ican cities.

Safety and economy dictate that
the right crane be selected for a con-
struction job. A building six stories
tall obviously has markedly different
requirements than one 60 stories in
height. Other factors to be consid-
ered are the terrain of the site, the
proximity of nearby buildings, pe-
destrian traffic and the unique char-
acteristics of the structure being
erected.

Mobile cranes (in contrast to tower MOBILE CRAWLER CRANE with tower boom is lowering its hook to the ground, where
cranes) have the advantage of being it will receive a bucket of concrete for the concrete-framed building beside it. The
able to move about a job site under building, photographed when 12 stories tall, will stand 45 stories when it is completed.
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their own power, which gives them
valuable flexibility. They can be sep-
arated into two basic groups: those
that have rubber tires and those that
have caterpillar treads.

Rubber-tired cranes are relatively
light in weight and are fitted with a
truck chassis, and so they can drive
from site to site. Smaller models can
be driven fully assembled on public
highways; larger ones can also be
driven on the highway but must be
partially disassembled so that their
total weight is within legal limits.
Although those limits vary from
state to state and country to country
(a situation that causes headaches
for both designers and transporters
of cranes), rubber-tired cranes with
lift capacities as great as 300 tons

are common and do travel legally
in most jurisdictions. When rubber-
tired cranes arrive at a site, they must
be positioned and stabilized before
they are operational. The outriggers
need to be extended and the crane
jacked up on cribbing, a timber or
steel mat that distributes its weight.
Crawler cranes are more cumber-
some to transport to a construction
site, but they do not require outrig-
gers and, unlike truck cranes, can
travel about the site while carrying
a load. For travel between sites,
however, they must be loaded onto
low-bed trailers or railroad flatcars,
and they are usually disassembled to
meet weight and width limitations.
Caterpillar treads do provide an ad-
vantage: they spread the weight of

HUMAN-POWERED CRANES, such as the one depicted here, were common lifting de-
vices at waterfront docks in the 16th century. By walking inside paired treadmills called
squirrel cages, one on each side of the crane’s housing, workers were able to turn a
winding drum, which spooled in the rope and raised the weight-bearing hook. The
cranes were mounted on a center pivot and rollers and could rotate a full 360 degrees.
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the crane over a large area of ground.
That explains why a crawler crane
can move with aload on its hook.

Variations in Boom Design

Truck cranes are available with
one of two kinds of booms, the selec-
tion of which depends on the needs
of a particular job. Telescopic booms,
as their name implies, consist of mul-
tiple sections that nest inside one
another and can be extended or re-
tracted by the operator. Small rub-
ber-tired cranes equipped with tele-
scopic booms are commonly called
cherry pickers. Highly mobile and
available with lift capacities rang-
ing from 15 to 80 tons, they are well
suited to serve as general-purpose,
quick-service machines. For that rea-
son they complement the big cranes
at virtually every major construction
site. Larger telescopic models have
lift capacities as great as 500 tons and
booms that extend as far as 200 feet.
Extension struts can be added to the
boom to provide still greater height.

One drawback to telescopic cranes
is the weight of the boom; the can-
tilevered boom (formed by over-
lapping boxlike sections) offers less
than ideal structural efficiency so
that large, heavy booms are neces-
sary for strength. The extra weight
makes the lifting capacity of these
cranes low at long reaches. Another
drawback to telescopic cranes is that
per pound of lift capacity they are the
most expensive of all construction
cranes. Offsetting their initial cost,
however, is the rapidity with which
they can be put to work on arrival at
a site. Because of that feature, in fact,
some fleet operators offer them as a
taxi service and will make lifts for
several customers on the same day.

The other type of boom utilized on
mobile cranes (both rubber-tired and
crawler models) is the latticed boom.
Latticed booms are formed by an
assemblage of high-strength steel
tubing or angle irons arranged as a
three-dimensional truss. The boom,
which consists of multiple sections
pinned or bolted together, can be as-
sembled to lengths as great as 350
feet and then increased by as much
as 100 feet by adding a jib, a light-
weight extension attached to the tip
of the boom. A boom of that size has
been used to construct buildings as
tall as 46 stories.

Although it is possible to build lat-
ticed booms of greater length, it is
generally not practical to do so. The
strength of the boom is related to its
length-to-width ratio. Since booms



with cross sections greater than eight
feet require special permits to be
transported by truck, this dimension
is a practical constraint on size.

Latticed booms, unlike telescopic
booms, require varying degrees of
assembly once they arrive at the job
site. Those that are short can be fold-
ed in half, driven to their destination
and putinto service within two hours
of arrival. Longer booms must be dis-
assembled and trucked in separate
pieces to a site, where it may take up
to five hours to reassemble them.

A recent variation on the latticed
boom that has become very popular
for urban use is a hybrid between the
mobile crane and the tower crane; it
is called a tower attachment. Mount-
ed on crawler treads, it consists of a
vertical tower section equipped with
a latticed boom at its top. The tower
runs parallel to the building face and
places the working boom high in the
air. This hybrid crane has most of the
advantages of both crane types but
its maximum height is limited to ap-
proximately 200 feet and its base
occupies a large ground area. The
average time needed to assemble
this type of crane is about 10 hours,
which is long for a mobile crane but
is much shorter than for a tower
crane. The expense of shipping and
assembling these cranes, however,
makes them generally uneconomical
for assignments of less than a few
weeks in duration.

Older latticed-boom mobile cranes
are driven by internal-combustion
engines that have geared mechanical
drives. As in a car with manual trans-
mission, power is provided to the
winding drum by engaging a clutch,
known in the trade as a friction.
Hoisting speed is governed by the
speed and torque characteristics of
the engine and can be further con-
trolled by slipping the friction.

By disengaging the friction and ap-
plying the foot brake the operator
can suspend the load at any height;
to hold the load for an extended peri-
od of time a pawl, or latch, is set into
rachet teeth on the drum, prevent-
ing the drum from turning. When the
load is to be lowered, the operator
releases the pawl and controls the
descent by slipping the friction, the
brake or both. The hook falls freely if
both friction and brake are released,
and these free-fall winches can shave
a significant amount of time off the
return part of a lift when no load is
on the hook.

Some of the more modern mobile
cranes have a hydrodynamic device
called a torque converter instead of a
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LATTICED-BOOM mobile cranes are found at many urban construction sites. By actu-
ating various levers the operator can raise or lower the hook block, raise or lower the
boom and jib and rotate the upper part of the machine on its base. Rubber-tired cranes
such as this one are equipped with outriggers that provide stability during lifting.

75
© 1988 SCIENTIFIC AMERICAN, INC



mechanical transmission. The torque
converter maintains constant pow-
er demand on the engine by adjust-
ing hoisting speed to accommodate
loads that differ in weight. For a giv-
en load, the operator can vary the
power and hoisting speed by control-
ling engine speed. In order to raise a
load off the ground, engine speed
must be increased until the power
output is sufficient to overcome the

resistance of the load. Once a load
has been lifted from the ground, it
can be brought to a stop and held
there by reducing the speed (and
power) of the engine to match the re-
sistance of the load. By slowing the
engine still further, so that the load
prevails, the hook can be lowered at
acontrolled rate.

The same thing happens in a car
with automatic transmission: the car
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MOBILE CRANES vary greatly in the length of their booms. In this drawing four repre-
sentatives are drawn to the same scale. From left to right they are arubber-tired cherry-
picker crane with telescopic boom (a), a rubber-tired crane with latticed boom and jib
(b), a crawler crane with latticed boom (¢) and a crawler crane with tower attachment (d).
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can be held in place on a hill if just
the right amount of pressure is ap-
plied to the accelerator pedal; too lit-
tle pressure and the car will roll back-
ward, too much and the car will creep
forward. A crane operator, like a car
driver, can (and usually does) use the
brake to achieve the same effect,
namely to hold the load. The torque
converter makes it possible to raise
and lower loads more gently and
with more control than was possible
with the old mechanical systems.

Tower Cranes

Tower cranes rise with the build-
ing they are helping to construct, giv-
ing their operators a bird’s-eye view
of the world below them. Like mobile
cranes, they rotate and have a lifting
hook to raise loads and move them
radially, but in other respects they
bear little resemblance to their mo-
bile relatives.

Tower cranes can be raised to al-
most limitless heights whether they
are on the inside or the outside of a
building. An internal tower crane has
afixed configuration: its support tow-
er remains the same length through-
out a construction job. It raises itself
on hydraulic jacks that move it from
floor to floor as the building grows in
height [see illustration on pages 78
and 79]. Both the jacks and the build-
ing must support the weight of the
crane, which typically is well over
50 tons.

Temporary openings slightly larg-
er than the tower must be provid-
ed on each floor to enable the crane
to slip through as it climbs upward.
Overturning and twisting forces from
the crane are passed to the build-
ing through upper and lower sets of
wedges. Nevertheless, maximum ro-
tational acceleration and the speed of
the boom’s swing are kept low by
automatic controls in order to limit
the inertia of the rotating mass and
its twisting effect on the tower. Inter-
nal cranes have a drawback: they
end up on the roof when the job is
done and must then be removed. The
crane components are disassembled
piece by piece and lowered to trucks
below, a difficult operation that may
require several weeks to complete.

An external crane, on the other
hand, is self-supporting and grows
alongside the building. The base of
the tower is anchored to a concrete
foundation placed in close proximity
to the building and initially the crane
is freestanding. When the building
reaches a height of about eight sto-
ries, the tower is braced to the frame



of the building and begins to climb.
That is accomplished by jacking up
‘the upper part of the crane and add-
ing a new tower section immediately
below it. Climbing continues as the
building rises, and braces are added
at set intervals for lateral support.
Although the external tower crane
is easier to dismantle than the inter-
nal crane (the climbing process can
be reversed until the crane is low
enough to be disassembled by a mo-
bile crane), itis not suitable for every
building. “Wedding cake” buildings,
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for example, may have tiered set-
backs so distant from the tower of the
crane that bracing is economically
infeasible. In either case, the expense
of setting up and removing tower
cranes is often so great that they are
usually found at jobs lasting for six
months or longer.

Tower cranes vary somewhat ac-
cording to their country of origin.
Those made in Europe are powered
by electric motors with stepped-
speed and acceleration controls and
sophisticated braking mechanisms;

North American and Australian crane
makers, catering to local preferen-
ces, produce mostly hydraulically
driven machines powered by diesel
engines. In all cases, however, tower
cranes are equipped with numerous
safety devices. These include fail-
safe brakes that apply automatically
in the event of a drive-system mal-
function and speed and overload lim-
iters to guard against careless opera-
tion. A tower crane with properly ad-
justed limiters, for example, will not
carry loads that are too heavy to be
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EXTERNAL TOWER CRANE
WITH LUFFING BOOM

TOWER CRANES can be external (left) or internal (right). External
cranes increase in length as the building rises; internal cranes
do not increase in tower length but instead climb upward as the
building grows. In both cases the cab rises above the skyscraper
being constructed, giving its operator a bird’s-eye view of con-

INTERNAL TOWER CRANE
WITH HAMMERHEAD BOOM
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struction from start to finish. Tower cranes can be designed
with either a luffing boom (left) or a hammerhead boom (right).
Hammerheads, although common, cannot be operated where
obstacles, such as adjacent buildings, impede the full sweep
of the boom. These two cranes are not drawn to the same scale.
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safely handled. In addition the opera-
tor’s levers are deadman switches: if
released, they return to neutral and
the brakes engage automatically.

An observer of an urban skyline
will note that there are two types of
tower cranes: those that have booms
projecting at an angle above the hori-
zontal and those whose booms lie
flat. The first type is called a luff-
ing boom, the second a hammerhead
boom. A luffing boom projects at a
vertical angle that can be altered
to produce radial movement of the
hook. A hammerhead is equipped
with a trolley on the underside of the
boom to carry the hook back and
forth. Because hammerhead booms
cannot be raised, however, they can
be utilized only where there are no
obstacles, such as adjacent buildings,
to interfere with the boom’s sweep.
For that reason luffing cranes are
commoner at congested sites or at
sites where several cranes are oper-
ating simultaneously. Luffing booms
greatly outnumber hammerheads in
New York City, for instance.

Selecting the Right Crane

In selecting a crane, the type of
building under construction must
be taken into consideration. Today’s
skyscrapers belong to two framing

categories: those with steel frames
and those with concrete frames.

Steel-framed buildings are formed
from pieces that vary tremendously
in weight. Twenty-five-foot column
sections, at the base of a 50-story
building, for example, may weigh
25 tons each, whereas those at the
top may weigh only a ton. More-
over, the demands on urban space
today are so great that structural en-
gineers must sometimes create im-
mense spanning members to carry
the weight of the building over an
atrium, a meeting hall or even an ad-
jacent building. These elements can
weigh more than 100 tons each and
may require two cranes working in
synchrony to hoist them into place.
In addition all the components of a
steel-framed building must be sorted
and tracked during the process of
construction. This requires that they
be “shaken out” when they arrive so
that individually marked pieces can
be identified. In urban areas where
space is limited the shaking-out proc-
ess is performed at the top of the
building being constructed.

Crane selection at a steel-framed
site is therefore determined largely
on the basis of such parameters as
typical and maximum weights to be
hoisted, the accessibility of delivery
trucks to the building, the location of
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INTERNAL CLIMBING CRANES lift themselves by hydraulic
climbing systems. This highly schematic drawing shows a pair
of climbing ladders next to a section of the crane mast. The
crane climbs upward along the rungs of the ladders, which are
suspended from a support frame. It does so by alternately ex-
tending and retracting a hydraulic ram that has a crossbeam fit-
ted with a pair of dogs at each end. When the crane is operating
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the shaking-out site and the amount
of space available for the crane itself.
Concrete-framed buildlings impose
a different set of constraints. Precast
concrete, common in low and mid-
rise buildings, is manufactured else-
where and trucked to the site, and it
is similar to steel in the way it is
erected. For concrete that is poured
in place (that is, at the construction
site) a critical parameter is the speed
with which concrete can be hoisted
to the top of the building. A typical
high-rise tower may require 250 cu-
bic yards of concrete per floor, the
equivalent of one million pounds.
Whereas the assembly of one story
of a steel-framed building may re-
quire 25 lifts of steel, an equivalent
story in a poured-in-place concrete
structure may require as many as 150
lifts. If as few as 30 seconds can be
eliminated from the hoisting time (60
seconds for areturn trip), the amount
of time saved will have a minor effect
on steel erection but could save two
and a half hours for each floor of a
concrete building. When, as is typical
in New York City, a poured-in-place
concrete story must be completed in
two days, the contractor’s profitabili-
ty depends on the speed of the hook.
It is not unusual to see more than
one type of crane at a construction
site. At the earliest stages of a large
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(a), the ram and both sets of dogs are retracted and the weight of
the crane is carried by working dogs near its base. At the start of
the lifting process the ram is partially extended by hydraulic
pressure (b); the lower dogs are set into the rungs of the ladders,
thereby transferring the weight of the crane to the ladders, and
the working dogs are retracted. In the next step (¢) the ram
is fully extended and the upper dogs are engaged. The ram can




job a cherry picker may begin the
job and then be replaced by a larger
‘mobile crane, which can be posi-
tioned to carry out the heavy, com-
plex framing of the building’s base.
When it is time to construct the
lighter-weight, repetitively framed
upper floors, a tower crane may be
installed. Additional cranes may be
brought to the site for finishing the
building’s exterior as scheduling (or
other factors) usually require that the
process be expedited. Materials that
are very light in weight or compact
(bricks, mortar, drywall panels, win-
dows and so on) are more economi-
cally lifted in a temporary elevator
erected on the outside of the build-
ing, thereby freeing the cranes for
heavier work.

Many forces act simultaneously on
a crane, threatening its stability and
inducing stress. These include the
weight of the load, the pressure of the
wind, the weight of the crane itself
and the inertia associated with the
moving crane components and its
load. The resulting effects must of
course be constrained by the struc-
tural strength of the crane and the
earth or building that supports it, but
a crane must also have adequate sta-
bility to resist overturning. Indeed,
mobile cranes are limited more by
stability than by strength. The maxi-
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then be retracted (d), raising the lower
crossbeam and automatically disengag-
ing the lower dogs. After the cycle has
been repeated several times (five or six
floors are climbed at a time in this way) (e)
the working dogs are once again set in
place and the crane becomes operational.

mum permitted load is set at from 75
to 85 percent of the lifted load that
would cause the mobile crane to tip
over. Crane designers can maximize
the lifting capacity of a machine by
minimizing boom weight (for exam-
ple by utilizing high-strength steel in
a latticed boom to reduce self-weight
in relation to lift capacity), maximiz-
ing the counterweight and providing
the widest base possible.

Counterweights on large mobile
cranes can weigh as much as 75 tons.
They are usually fabricated in sec-
tions that are removable and can be
shipped separately from the crane it-
self. When counterweights are com-
bined with the weight of the crane,
engine and drive machinery, they
add stability to the crane. (If too
much counterweight is added, how-
ever, an unloaded crane can topple
over backward.)

Outriggers that project from the
base of a rubber-tired crane provide
increased stability by extending the
tipping fulcrum away from the body
of the machine. Most crane outrig-
gers are sturdy beams that telescope
out from each end of the machine
chassis. The outer ends of the outrig-
gers are equipped with vertical jacks;
when the outriggers are fully extend-
ed and the entire crane is jacked up,
the crane is operational.

The operator of a mobile crane
must exercise judgment, taking into
account such factors as the length of
the boom and the characteristics of
the load, to allow for the effects of
wind and inertia. The lifting of a large
curtain-wall segment, for example,
presents a substantial wind-catching
surface and can therefore be carried
out only when there is minimal wind
velocity. When a crane swings, cen-
trifugal forces project the load out-
ward and stability is decreased; ac-
celeration and braking induce lateral
loading on the boom, causing side-
ways deflection and a corresponding
increase in stress.

Tower cranes have automatic lim-
its imposed on their rotational speed
and acceleration to control the ef-
fects of inertia; mobile-crane opera-
tors, on the other hand, must exert
that control themselves. But tower
cranes are more sensitive to wind be-
cause of their fixed position. When
major storms arise, the booms on
mobile cranes can be lowered out of
harm’s way, but the booms of tower
cranes remain in place and bear the
brunt of the storm. As a result, tower
cranes must be designed to with-
stand hurricane conditions. When
storms do strike, the usual procedure

© 1988 SCIENTIFIC AMERICAN, INC

is to let the boom swing freely, thus
providing the least resistance and
the smallest surface area to the wind.
On days when the wind exceeds 30
miles per hour, all cranes generally
cease operation, although most tow-
er cranes are designed to withstand
higher winds while working.

Crane Safety

Crane accidents at urban sites can
be dramatic, and they are often fol-
lowed by outcries that the public is
inadequately protected. A crane that
loses control of its load or topples
over can wreak havoc on the streets
below; pedestrians are sometimes
killed or maimed. The hazards for
construction workers are even great-
er: construction is a dangerous occu-
pation and crane work is among its
greater perils. Can anything be done
to ameliorate the situation?

Most serious crane accidents are
caused by overload, equipment mis-
use, excessive wear or damage to the
hoisting ropes and failure to follow
correct procedures for erection and
dismantling (particularly in the case
of tower cranes). A smaller but
significant number of mishaps re-
sult from support failure, inadequate
maintenance and collision between
the boom and another object. Most of
these accidents could be prevented
through training programs for con-
struction workers, crane operators
and supervisory personnel.

Underlying many crane accidents,
however, are errors committed in
the planning stage. Safety is compro-
mised when a crane is positioned in-
correctly or is inadequate for the job.
Crane operators have been known
to make heroic efforts as they try to
compensate for these inadequacies.
Their efforts should be applauded,
but the planning shortcomings that
led to the selection of the wrong
crane in the first place must be con-
demned. Because congested urban
areas are associated with such high
potential risk to the public, engineers
must play an active role in evaluat-
ing sites, planning the lifting opera-
tions and selecting the right crane
for the job.

Risks can never be totally eliminat-
ed from a crane operation (or from
any operation in which human judg-
ment is exercised), but they can cer-
tainly be minimized. To do so re-
quires diligence on the part of the lo-
cal authorities who enforce safety
regulations and skill on the part of
the people responsible for the de-
ployment and operation of cranes.
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How the Leopard Gets Its Spots

A single pattern-formation mechanism could underlie the wide
variety of animal coat markings found in nature. Results from
the mathematical model open lines of inquiry for the biologist

ammals exhibit a remarkable
Mvariety of coat patterns; the

variety has elicited a compa-
rable variety of explanations—many
of them at the level of cogency that
prevails in Rudyard Kipling’s delight-
ful “How the Leopard Got Its Spots.”
Although genes control the proces-
ses involved in coat pattern forma-
tion, the actual mechanisms that cre-
ate the patterns are still not known. It
would be attractive from the view-
point of both evolutionary and devel-
opmental biology if a single mech-
anism were found to produce the
enormous assortment of coat pat-
terns found in nature.

Ishould like to suggest that a single
pattern-formation mechanism could
in fact be responsible for most if not
all of the observed coat markings. In
this article I shall briefly describe a
simple mathematical model for how
these patterns may be generated in
the course of embryonic develop-
ment. An important feature of the
model is that the patterns it gener-
ates bear a striking resemblance to
the patterns found on a wide variety
of animals such as the leopard, the
cheetah, the jaguar, the zebra and
the giraffe. The simple model is also
consistent.-with the observation that
although the distribution of spots on
members of the cat family and of
stripes on zebras varies widely and
is unique to an individual, each kind
of distribution adheres to a general
theme. Moreover, the model also pre-
dicts that the patterns can take only
certain forms, which in turn implies
the existence of developmental con-
straints and begins to suggest how
coat patterns may have evolved.

It is not clear as to precisely what
happens during embryonic develop-
ment to cause the patterns. There are
now several possible mechanisms
that are capable of generating such
patterns. The appeal of the simple
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model comes from its mathematical
richness and its astonishing ability
to create patterns that correspond to
what is seen. I hope the model will
stimulate experimenters to pose rele-
vant questions that ultimately will
help to unravel the nature of the bio-
logical mechanism itself.

Some facts, of course, are known
about coat patterns. Physically,
spots correspond to regions of differ-
ently colored hair. Hair color is deter-
mined by specialized pigment cells
called melanocytes, which are found
in the basal, or innermost, layer of
the epidermis. The melanocytes gen-
erate a pigment called melanin that
then passes into the hair. In mam-
mals there are essentially only two
kinds of melanin: eumelanin, from
the Greek words eu (good) and
melas (black), which results in black
or brown hairs, and phaeomelanin,
from phaeos (dusty), which makes
hairs yellow or reddish orange.

It is believed that whether or not
melanocytes produce melanin de-
pends on the presence or absence of
chemical activators and inhibitors.
Although it is not yet known what
those chemicals are, each observed
coat pattern is thought to reflect
an underlying chemical prepattern.
The prepattern, if it exists, should re-
side somewhere in or just under the
epidermis. The melanocytes are
thought to have the role of ‘“read-
ing out” the pattern. The model I
shall describe could generate such a
prepattern.

My work is based on a model de-
veloped by Alan M. Turing (the in-
ventor of the Turing machine and the
founder of modern computing sci-
ence). In 1952, in one of the most im-
portant papers in theoretical biology,
Turing postulated a chemical mecha-
nism for generating coat patterns. He
suggested that biological form fol-
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lows a prepattern in the concentra-
tion of chemicals he called morpho-
gens. The existence of morphogens
is still largely speculative, except
for circumstantial evidence, but Tu-
ring’s model remains attractive be-
cause it appears to explain a large
number of experimental results with
one or two simple ideas.

Turing began with the assumption
that morphogens can react with one
another and diffuse through cells. He
then employed a mathematical mod-
el to show that if morphogens react
and diffuse in an appropriate way,
spatial patterns of morphogen con-
centrations can arise from an initial
uniform distribution in an assem-
blage of cells. Turing’s model has
spawned an entire class of models
that are now referred to as reaction-
diffusion models. These models are
applicableifthe scale of the patternis
large compared with the diameter of
anindividual cell. The models are ap-
plicable to the leopard’s coat, for in-
stance, because the number of cells
in a leopard spot at the time the pat-
tern is laid down is probably on the
order of 100.

Turing’s initial work has been
developed by a number of investi-
gators, including me, into a more
complete mathematical theory. In a
typical reaction-diffusion model one
starts with two morphogens that can
react with each other and diffuse at
varying rates. In the absence of dif-
fusion—in a well-stirred reaction,
for example—the two morphogens
would react and reach a steady uni-
form state. If the morphogens are
now allowed to diffuse at equal rates,
any spatial variation from that steady
state will be smoothed out. If, howev-
er, the diffusion rates are not equal,

LEOPARD reposes. Do mathematical as
well as genetic rules produce its spots?



o T



diffusion can be destabilizing: the re-
action rates at any given point may
not be able to adjust quickly enough
to reach equilibrium. If the condi-
tions are right, a small spatial distur-
bance can become unstable and a
pattern begins to grow. Such an insta-
bility is said to be diffusion driven.

In reaction-diffusion models it is as-
sumed that one of the morphogens
is an activator that causes the mela-
nocytes to produce one kind of mel-
anin, say black, and the other is an
inhibitor that results in the pigment
cells’ producing no melanin. Suppose
the reactions are such that the activa-
tor increases its concentration local-
ly and simultaneously generates the
inhibitor. If the inhibitor diffuses fast-
er than the activator, an island of
high activator concentration will be
created within a region of high inhib-
itor concentration.

One can gain an intuitive notion
of how such an activator-inhibitor

mechanism can give rise to spatial
patterns of morphogen concentra-
tions from the following, albeit some-
what unrealistic, example. The anal-
ogy involves a very dry forest—a sit-
uation ripe for forest fires. In an
attempt to minimize potential dam-
age, a number of fire fighters with
helicopters and fire-fighting equip-
ment have been dispersed through-
out the forest. Now imagine that a fire
(the activator) breaks out. A fire front
starts to propagate outward. Initially
there are not enough fire fighters (the
inhibitors) in the vicinity of the fire to
put it out. Flying in their helicopters,
however, the fire fighters can outrun
the fire front and spray fire-resistant
chemicals on trees; when the fire
reaches the sprayed trees, it is extin-
guished. The frontis stopped.

If fires break out spontaneously in
random parts of the forest, over the
course of time several fire fronts (ac-
tivation waves) will propagate out-
ward. Each front in turn causes the

fire fighters in their helicopters (inhi-
bition waves) to travel out faster and
quench the front at some distance
ahead of the fire. The final result of
this scenario is a forest with black-
ened patches of burned trees inter-
spersed with patches of green, un-
burned trees. In effect, the outcome
mimics the outcome of reaction-dif-
fusion mechanisms that are diffusion
driven. The type of pattern that re-
sults depends on the various parame-
ters of the model and can be obtained
from mathematical analysis.

Many specific reaction-diffusion
models have been proposed, based
on plausible or real biochemical re-
actions, and their pattern-forma-
tion properties have been examined.
These mechanisms involve sever-
al parameters, including the rates
at which the reactions proceed, the
rates at which the chemicals diffuse
and—of crucial importance—the ge-
ometry and scale of the tissue. A fas-
cinating property of reaction-diffu-
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MATHEMATICAL MODEL called a reaction-diffusion mecha-
nism generates patterns that bear a striking resemblance to
those found on certain animals. Here the patterns on the tail of
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the leopard (left), the jaguar and the cheetah (middle) and the
genet (right) are shown, along with the patterns from the model
for tapering cylinders of varying width (right side of each panel).



sion models concerns the outcome
of beginning with a uniform steady
state and holding all the parameters
fixed except one, which is varied. To
be specific, suppose the scale of the
tissue is increased. Then eventually
a critical point called a bifurcation
value is reached at which the uni-
form steady state of the morphogens
becomes unstable and spatial pat-
terns begin to grow.

The most visually dramatic exam-
ple of reaction-diffusion pattern for-
mation is the colorful class of chemi-
cal reactions discovered by the Sovi-
et investigators B. P. Belousov and
A. M. Zhabotinsky in the late 1950’s
[see “Rotating Chemical Reactions,”
by Arthur T. Winfree; SCIENTIFIC
AMERICAN, June, 1974]. The reactions
visibly organize themselves in space
and time, for example as spiral
waves. Such reactions can oscillate
with clocklike precision, changing
from, say, blue to orange and back to
blue again twice a minute.

Another example of reaction-dif-
fusion patterns in nature was dis-
covered and studied by the French
chemist Daniel Thomas in 1975. The
patterns are produced during reac-
tions between uric acid and oxygen
on a thin membrane within which
the chemicals can diffuse. Although
the membrane contains an immobil-
ized enzyme that catalyzes the reac-
tion, the empirical model for describ-
ing the mechanism involves only the
two chemicals and ignores the en-
zyme. In addition, since the mem-
brane is thin, one can assume cor-
rectly that the mechanism takes
place in a two-dimensional space.

I should like to suggest that a good
candidate for the universal mecha-

nism that generates the prepattern
for mammalian coat patterns is a re-
action-diffusion system that exhib-
its diffusion-driven spatial patterns.
Such patterns depend strongly on
the geometry and scale of the do-
main where the chemical reaction
takes place. Consequently the size
and shape of the embryo at the time
the reactions are activated should
determine the ensuing spatial pat-
terns. (Later growth may distort the
initial pattern.)

Aly reaction-diffusion mechanism
capable of generating diffusion-
driven spatial patterns would pro-
vide a plausible model for animal
coat markings. The numerical and
mathematical results I present in this
article are based on the model that
grew out of Thomas’ work. Employ-
ing typical values for the parameters,
the time to form coat patterns during
embryogenesis would be on the or-
der of a day or so.

Interestingly, the mathematical
problem of describing the initial stag-
es of spatial pattern formation by re-
action-diffusion mechanisms (when
departures from uniformity are mi-
nute) is similar to the mathematical
problem of describing the vibration
of thin plates or drum surfaces. The
ways in which pattern growth de-
pends on geometry and scale can
therefore be seen by considering
analogous vibrating drum surfaces.

If a surface is very small, it simply
will not sustain vibrations; the distur-
bances die out quickly. A minimum
size is therefore needed to drive any
sustainable vibration. Suppose the
drum surface, which corresponds to
the reaction-diffusion domain, is a
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ZEBRA STRIPES at the junction of the
foreleg and body (left) can be produced by
a reaction-diffusion mechanism (above).

rectangle. As the size of the rectan-
gle is increased, a set of increasing-
ly complicated modes of possible vi-
bration emerge.

An important example of how
the geometry constrains the possible
modes of vibration is found when
the domain is so narrow that only
simple—essentially one-dimension-
al—modes can exist. Genuine two-
dimensional patterns require the do-
main to have enough breadth as well
as length. The analogous require-
ment for vibrations on the surface
of a cylinder is that the radius cannot
be too small, otherwise only quasi-
one-dimensional modes can exist;
only ringlike patterns can form, in
other words. If the radius is large
enough, however, two-dimensional
patterns can exist on the surface. As a
consequence, a tapering cylinder can
exhibit a gradation from a two-di-
mensional pattern to simple stripes
[see illustration on opposite page).

Returning to the actual two-mor-
phogen reaction-diffusion mecha-
nism I considered, I chose a set of re-
action and diffusion parameters that
could produce a diffusion-driven in-
stability and kept them fixed for all
the calculations. I varied only the
scale and geometry of the domain. As
initial conditions for my calculations,
which I did on a computer, I chose
random perturbations about the uni-
form steady state. The resulting pat-
terns are colored dark and lightin re-
gions where the concentration of one
of the morphogens is greater than or
less than the concentration in the ho-
mogeneous steady state. Even with
such limitations on the parameters
and the initial conditions the wealth
of possible patterns is remarkable.
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EXAMPLES OF DRAMATIC PATTERNS occurring naturally are
found in the anteater (left) and the Valais goat, Capra aegagrus

How do the results of the model
compare with typical coat markings
and general features found on ani-
mals? I started by employing taper-
ing cylinders to model the patterns
on the tails and legs of animals. The
results are mimicked by the results
from the vibrating-plate analogue,
namely, if a two-dimensional region
marked by spots is made sufficiently
thin, the spots will eventually change
to stripes.

The leopard (Panthera pardus), the

cheetah (Acinonyx jubatus), the jag-
uar (Panthera onca) and the genet
(Genetta genetta) provide good exam-
ples of such pattern behavior. The
spots of the leopard reach almost to
the tip of the tail. The tails of the
cheetah and the jaguar have distinct-
ly striped parts, and the genet has
a totally striped tail. These obser-
vations are consistent with what is
known about the embryonic struc-
ture of the four animals. The prenatal
leopard tail is sharply tapered and

hircus (right). Such patterns can be accounted for by the author’s
reaction-diffusion mechanism (see bottom illustration on these

relatively short, and so one would
expect that it could support spots to
the very tip. (The adult leopard tail is
long but has the same number of ver-
tebrae.) The tail of the genet embryo,
at the other extreme, has a remark-
ably uniform diameter that is quite
thin. The genet tail should therefore
not be able to support spots.

The model also provides an in-
stance of a developmental con-
straint, documented examples of
which are exceedingly rare. If the
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SCALE AFFECTS PATTERNS generated within the constraints
of a generic animal shape in the author’s model. Increasing the
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scale and holding all other parameters fixed produces a remark-
able variety of patterns. The model agrees with the fact that




two pages). The drawing of the anteater was originally published by G. and W. B. Whit-
taker in February, 1824, and the photograph was made by Avi Baron and Paul Munro.

prepattern-forming mechanism for
animal coat markings is a reaction-
diffusion process (or any process that
is similarly dependent on scale and
geometry), the constraint would de-
velop from the effects of the scale
and geometry of the embryos. Specif-
ically, the mechanism shows thatit is
possible for a spotted animal to have
a striped tail but impossible for a
striped animal to have a spotted tail.
We have also met with success in
our attempts to understand the mark-

ings of the zebra. It is not difficult to
generate a series of stripes with our
mechanism. The junction of the fore-
leg with the body is more compli-
cated, but the mathematical model
predicts the typical pattern of leg-
body scapular stripes [see illustration
on page 83).

In order to study the effect of scale
in a more complicated geometry, we
computed the patterns for a generic
animal shape consisting of a body,
a head, four appendages and a tail

small animals such as the mouse have uniform coats, intermediate-size ones such as

the leopard have patterned coats and large animals such as the elephant are uniform.
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[see bottom illustration on these two
pages]. We started with a very small
shape and gradually increased its
size, keeping all the parts in propor-
tion. We found several interesting
results. If the domain is too small,
no pattern can be generated. As the
size of the domain is increased suc-
cessive bifurcations occur: different
patterns suddenly appear and dis-
appear. The patterns show more
structure and more spots as the size
of the domain is increased. Slender
extremities still retain their striped
pattern, however, even for domains
that are quite large. When the domain
is very large, the pattern structure is
so fine that it becomes almost uni-
form in color again.

he effects of scale on pattern sug-

gest that if the reaction-diffusion
model is correct, the time at which
the pattern-forming mechanism is
activated during embryogenesis is
of the utmost importance. There is
an implicit assumption here, namely
that the rate constants and diffusion
coefficients in the mechanism are
roughly similar in different animals.
If the mechanism is activated early
in development by a genetic switch,
say, most small animals that have
short periods of gestation should be
uniform in color. This is generally
the case. For larger surfaces, at the
time of activation there is the possi-
bility that animals will be half black
and half white. The honey badger
(Mellivora capensis) and the dramati-
cally patterned Valais goat (Capra ae-
gagrus hircus) are two examples [see
top illustration on these two pages). As
the size of the domain increases, so
should the extent of patterning. In
fact, there is a progression in com-
plexity from the Valais goat to certain
anteaters, through the zebra and on
to the leopard and the cheetah. At the
upper end of the size scale the spots
of giraffes are closely spaced. Final-
ly, very large animals should be uni-
form in color again, which indeed is
the case with the elephant, the rhi-
noceros-and the hippopotamus.

We expect that the time at which
the pattern-forming mechanism is ac-
tivated is an inherited trait, and so, at
least for animals whose survival de-
pends to a great extent on pattern,
the mechanism is activated when the
embryo hasreached a certain size. Of
course, the conditions on the em-
bryo’s surface at the time of activa-
tion exhibit a certain randomness.
The reaction-diffusion model pro-
duces patterns that depend uniquely
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on the initial conditions, the geome-
try and the scale. An important as-
pect of the mechanism is that, for a
given geometry and scale, the pat-
terns generated for a variety of ran-
dom initial conditions are qualita-
tively similar. In the case of a spotted
pattern, for example, only the distri-
bution of spots varies. The finding
is consistent with the individuality

of an animal’s markings within a
species. Such individuality allows for
kin recognition and also for general
group recognition.

The patterns generated by the
model mechanism are thought to
correspond to spatial patterns of
morphogen concentrations. If the
concentration is high enough, mela-
nocytes will produce the melanin

DIFFERENT GIRAFFES have different
kinds of markings. The subspecies Gi-
raffa camelopardalis tippelskirchi is char-
acterized by rather small spots separated
by wide spaces (top left); G. cameloparda-
lis reticulata, in contrast, is covered by
large, closely spaced spots (top right).
Both kinds of pattern can be accounted
for by the author’s reaction-diffusion
model (bottom left and bottom right). The
assumption is that at the time the pattern
is laid down the embryo is between 35
and 45 days old and has a length of rough-
ly eight to 10 centimeters. (The gestation
period of the giraffe is about 457 days.)
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pigments. For simplicity we assumed
that the uniform steady state is the
threshold concentration, and we rea-
soned that melanin will be generated
if the value is equal to or greater than
that concentration. The assumption
is somewhat arbitrary, however. Itis
reasonable to expect that the thresh-
old concentration may vary, even
within species. To investigate such




effects, we considered the various
kinds of giraffe. For a given type
of pattern, we varied the parameter
that corresponds to the morphogen
threshold concentration for melano-
cyte activity. By varying the parame-
ter, we found we could produce pat-
terns that closely resemble those of
two different kinds of giraffe [see illus-
tration on opposite page).

ecently the results of our model

have been corroborated dramat-
ically by Charles M. Vest and You-
ren Xu of the University of Michi-
gan. They generated standing-wave
patterns on a vibrating plate and
changed the nature of the patterns by
changing the frequency of vibration.
The patterns were made visible by a
holographic technique in which the
plate was bathed in laser light. Light
reflected from the plate interfered
with a reference beam, so that crests
of waves added to crests, troughs
added to troughs, and crests and
troughs canceled, and the resulting
pattern was recorded on a piece of
photographic emulsion [see illustra-
tion at right).

Vestand Youren found thatlow fre-
quencies of vibration produce simple
patterns and high frequencies of vi-
bration produce complex patterns.
The observation is interesting, be-
cause it has been shown that if a pat-
tern forms on a plate vibrating at a
given frequency, the pattern formed
on the same plate vibrated at a high-
er frequency is identical with the
pattern formed on a proportional-
ly larger plate vibrated at the origi-
nal frequency. In other words, Vest
and Youren’s data support our con-
clusion that more complex patterns
should be generated as the scale of
the reaction-diffusion domain is in-
creased. The resemblance between
our patterns and the patterns subse-
quently produced by the Michigan
workers is striking.

I should like to stress again that
all the patterns generated were pro-
duced by varying only the scale and
geometry of the reaction domain; all
the other parameters were held fixed
(with the exception of the different
threshold concentrations in the case
of the giraffe). Even so, the diversi-
ty of pattern is remarkable. The mod-
el also suggests a possible explana-
tion for the various pattern anom-
alies seen in some animals. Under
some circumstances a change in the
value of one of the parameters can re-
sult in a marked change in the pat-
tern obtained. The size of the effect

STANDING-WAVE PATTERNS generated on a thin vibrating plate resemble coat pat-
terns and confirm the author’s work. More complex patterns correspond to higher fre-
quencies of vibration. The experiments were done by Charles M. Vest and Youren Xu.

depends on how close the value of
the parameter is to a bifurcation val-
ue: the value at which a qualitative
change in the pattern is generated.

If one of the parameters, say a rate
constant in the reaction kinetics, is
varied continuously, the mechanism
passes from a state in which no spa-
tial pattern can be generated to a pat-
terned state and finally back to a
state containing no patterns. The fact
that such small changes in a parame-
ter near a bifurcation value can result
in such large changes in pattern is
consistent with the punctuated-equi-
librium theory of evolution. This the-
ory holds that long periods of little
evolutionary change are punctuated
by short bursts of sudden and rap-
id change.

Many factors, of course, affect an-

imal coloration. Temperature,
humidity, diet, hormones and meta-
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bolic rate are among some of them.
Although the effects of such factors
probably could be mimicked by ma-
nipulating various parameters, there
is little point in doing so until more is
known about how the patterns re-
flected in the melanin pigments are
actually produced. In the meantime
one cannot help but note the wide va-
riety of patterns that can be generat-
ed with a reaction-diffusion model by
varyingonly the scale and geometry.
The considerable circumstantial evi-
dence derived from comparison with
specific animal-pattern features is en-
couraging. I am confident that most
of the observed coat patterns can
be generated by a reaction-diffusion
mechanism. The fact that many gen-
eral and specific features of mamma-
lian coat patterns can be explained
by this simple theory, however, does
not make it right. Only experimental
observation can confirm the theory.

87



Fatness and Fertility

Loss of fat from dieting or exercise can lead to infertility that
is reversible with fat gain. It is possible that fat tissue exerts
a regulatory effect on the reproductive ability of human females

ver since the Stone Age, sym-
Ebols of female fertility have

been fat, particularly in the
breasts, hips, thighs and buttocks—
the places where estrogen, the fe-
male sex hormone, promotes fat stor-
age. This historical linking of fatness
and fertility actually makes biologi-
cal sense; in fact, I propose that body
fat, or adipose tissue, has a regulato-
ry role in reproduction.

The evidence gathered in the past
I5 years is strong. It indicates, for
instance, that a female must store
at least a threshold, or minimum,
amount of body fat in order to begin
and maintain normal menstrual cy-
cles and hence have the ability to re-
produce. Activities that reduce fat
below the threshold, such as seri-
ous dieting and intensive exercise,
can delay the age of menarche (the
first menstrual cycle) to as late as 20
years. Such a loss can also “silent-
ly” halt ovulation—the midcycle re-
lease of an egg from the ovary—in
someone who menstruates every
month or cause frank amenorrhea:
the absence of menstrual cycles.
The resulting infertility is reversi-
ble by weight gain or reduction of
activity or both.

A woman need not suffer from an-
orexia nervosa (the psychologically
driven syndrome of self-starvation in
which as much as a third of the body
weight is lost) in order to induce
menstrual irregularities. Even a rath-
er moderate loss, in the range of from
10 to 15 percent below the normal
weight for height, which is primarily
aloss of fat, is sufficient.

Recent work has shown that the
menstrual disorders associated with
excessive leanness derive from the
abnormal activity of the hypothala-
mus, the part of the brain that regu-
lates reproduction as well as food in-
take and other basic functions. It has
long been known that the hypothala-
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mus receives information from high-
er centers of the brain. External fac-
tors such as temperature and stress
can therefore affect the reproduc-
tive activity of the hypothalamus. It
is now certain that nutrition and
physical effort also have an effect.

It is not surprising that the repro-
ductive function of the hypothala-
mus falters when a woman becomes
too lean. Such aresponse would have
given our female ancestors a selec-
tive advantage by ensuring that they
conceived only when they could
complete a pregnancy successfully.
Reproduction, after all, requires en-
ergy, or calories: some 50,000 to
80,000 calories to produce a viable
infant and then from 500 to 1,000 cal-
ories a day for lactation. (These fig-
ures are over and above the calories
needed for other life processes.) In
ancient times, when the food supply
was scarce or fluctuated seasonally
and when breast milk was a new-
born’s only food, a woman who be-
came pregnant when she lacked an
adequate store of body fat—the most
readily mobilized fuel in the body—
could have endangered both her
own life and that of her developing
fetus and newborn infant.

Indeed, one can speculate that fe-
males who continued to ovulate in
spite of being undernourished left no
viable offspring or did not survive
themselves; they therefore left no
descendants. Thus natural selection
had its way: today most women have
more than a fourth of their weight in
fat (about 16 kilograms, or 35 pounds,
representing some_144,000 calories)
when they reach maturity. The main
function of this fat store may be to
provide energy for a pregnancy and
about three months of lactation. Men,
in contrast, have roughly from 12 to
14 percent of their weight in fat at
maturity. Studies of very obese wom-
en (and animals) show that exces-
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sive fatness, like excessive leanness,
is also associated with amenorrhea
and infertility; the mechanisms are
not yet known.

he discovery of a relation be-

tween fatness and fertility came
about somewhat indirectly. Early in
the 1970’s 1 worked with Roger
Revelle, who was then at Harvard
University, gathering data on the
heights, weights and calorie supplies
of populations in Latin America and
Asia in order to estimate the food
needs of the world. In the course of
analyzing the growth data I noted
that a poor food supply delayed the
age at which adolescent girls had
their most rapid growth in weight, an
event that precedes menarche; abun-
dant calorie supplies advanced the
age of the spurt. This was not partic-
ularly surprising, but another find-
ing was: within each population the
growth spurt, whether it was early or
late, came when girls had achieved
the same average weight. In other
words, weight appeared to be the de-
termining factor.

To explore the implied relation be-
tween weightand menarche, we then
analyzed the height and weight data
for 181 girls who had been followed
from birth to age 18 (when growth
was completed) in three comparable
U.SS. studies. We found that both the
early and the late maturers had the
same average weight (47 kilograms,
or 103 pounds) at menarche; in con-
trast, the average height increased
significantly with menarcheal age.

The finding that weight seemed to
be important to the timing of men-
arche helped to explain many puz-
zling observations. For example, in
the past century girls in the U.S. and
Europe have attained menarche pro-
gressively earlier. On the average,
American girls now begin to men-
struate when they are 12.6 years old;



a century ago the age was 15.5 years.
Revelle and I postulate that the ear-
lier menarche is explained by the
fact that children now become big-
ger sooner because they are better
nourished and have less disease.
The association between average
weight at menarche and the timing
of menarche in a population also
explained why malnutrition delays
menarche, why twins (who grow rel-
atively slowly in utero and postnatal-
ly and hence take longer to reach the
critical weight for menarche) begin
to menstruate later than “singletons”
in the same population and why high
altitude (which slows the rate of
growth) also delays menarche.

I<nowing the average weights at
enarche did not enable us to

predictthe timing of menarche for in-
dividual girls, whose weights at men-
arche vary considerably. I wondered
if there was some weight-related fac-
tor that would make such prediction
possible. Elegant animal studies by
the late Gordon C. Kennedy of the
University of Cambridge provided a
clue. Kennedy found that puberty in
the female rat is more closely related
to body weight than to age. He also
found that rats given different diets
that altered their growth rates ate the
same amount of food per unit of body
weight at first estrus (the animal
equivalent of menarche). He postu-
lated that the feeding signal and the
onset of estrus may both be regulat-
ed by the amount of fat in the body.

On the basis of Kennedy’s find-
ings—as well as those of his asso-
ciates Elsie Widdowson and Peter A.
McCance and work done on the com-
position of the human body by Fran-
cis D. Moore and his co-workers at
the Harvard Medical School—I began
to suspect that some aspect of body
composition, particularly stored fat,
in the human female might also influ-
ence the timing of the first menstrual
cycle in girls. My colleagues and I
therefore investigated the changes in
body composition in girls during the
adolescent growth spurt and at men-
arche. Specifically, we looked at the
amounts of both fat and lean body
mass, which together account for
one’s weight. The lean mass, or the
nonfat parts of the body, includes the
muscles, the fat-free skin, the viscera
(the heart, kidney and other organs)
and the skeleton.

The 181 girls in the longitudinal
studies had long since grown up, but
we had their heights and weights at
menarche and throughout the ado-
lescentgrowth spurt. We could there-

STONE AGE FERTILITY FIGURE, the Venus of Willendorf, is an exaggerated represen-
tation of a recently established fact: a woman must have an adequate amount of body
fat in order to reproduce successfully. The critical amount can usually be acquired by
gaining a prescribed amount of weight, since most weight gain in nonathletic adults is
actually a gain of fat. The figure, from Austria, is approximately four inches in height.
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fore calculate their body composi-
tion by inserting this information
into standard equations that estimate
the total amount of water in the body;
this value makes it possible to de-
termine the relative contributions of
lean mass and of fat to a person’s to-
tal weight. The equations are based
on direct measurements of body wa-
ter that had been made on a normal
group of girls and women.

One might ask: How could meas-

urements of body water provide in-
formation about the composition of
the entire body? The answer lies in
the fact that after childhood 72 per-
cent of the lean mass of the body is
accounted for by water. Knowing the
total amount of water in the body,
one can determine the weight of
the lean mass, which is equal to the
amount of water divided by .72. Sub-
tracting the weight of the lean mass
from the total body weight yields the

NOMOGRAM in clinical use indicates the threshold, or minimum, weight a female of a
given completed height must attain in order to have normal menstrual cycles. How
much weight must be gained above that threshold varies with the individual and can-
not be predicted. The red line shows the minimum weight necessary for menarche (the
initiation of menstrual cycles). The blue line shows the minimum weight for correcting
secondary amenorrhea (the cessation of menstruation) in a mature woman. For exam-
ple, according to the nomogram an amenorrheic woman 165 centimeters tall (five feet
five inches) would have to reach at least 49 kilograms (108 pounds) before menstrua-
tion would resume. The top five diagonal lines indicate percentiles of total water as
a percentage of body weight—which is an index of fatness—for fully grown, mature
women in a normal sample; the blue line is the 10th percentile. The red line represents
the 10th percentile for the same sample at menarche. (The 50th-percentile line indi-
cates the normal weight for height of mature women who are from 18 to 25 years old.)
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weight of the fat. The percentage of
water in the entire body is a fatness
index. Since fat has little water (from
5 to 10 percent), the more fat one has,
the lower will be the percentage of
water in the entire body.

We found that the greatest change
in estimated body composition dur-
ing the premenarcheal weight spurt
is a large increase in body fat: on the
average, both early- and late-matur-
ing girls had a 120 percent increase in
body fat (from five to 11 kilograms),
whereas they had only a 44 percent
increase in the weight of lean mass.
Therefore the ratio of lean mass to fat
declined from about 5:1 at the initia-
tion of the growth spurt to about 3:1
atmenarche. What all the girls had in
common at menarche, even though
individual weights varied, was a sim-
ilar ratio of lean mass to fat and a
similar amount of water as a per-
centage of body weight. On the av-
erage at menarche 55 percent of the
body weight of the girls was water
(a “body-water percentage” of 55),
whichindicated thatan average of 24
percent of the weight was accounted
for by body fat.

he findings strongly suggested

that girls must reach a threshold
lean/fat ratio, and hence a certain de-
gree of fatness, in order to menstru-
ate. Still, the average ratio for the
population did not predict the thresh-
old for any given individual. Janet
W. McArthur of the Massachusetts
General Hospital and I tackled this
problem by comparing the height,
weight and estimated body composi-
tion of young girls and women who
had menstrual disorders with the
same measures for our normal sub-
jects atmenarche and at age 18.

We compared the groups by means
of charts called nomograms, which
indicated the weights for heights that
corresponded to the levels of relative
fatness observed in the 181 normal
girls at menarche and at the comple-
tion of growth [see illustration at left).
The relative-fatness levels were indi-
cated on the chart by percentiles of
our fatness index (total water as a
percentage of body weight).

Somewhat to our surprise, we dis-
covered that cases of delayed menar-
che and amenorrhea were each asso-
ciated with being below a threshold
value of relative fatness. Specifical-
ly, the comparison showed that in or-
der to have menarche, young girls
whose height growth was nearly or
fully completed had to gain enough
weight for their height to decrease
their body-water percentage to 59.8
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percent. This would ensure that they
had at least 17 percent of their weight
in fat (the lower the body-water per-
centage, the fatter the body). The
threshold body-water percentage
was the 10th-percentile value of nor-
mal girls at menarche. Thatis, 90 per-
cent of the sample at menarche had
a lower value and so were fatter. For
a 15-year-old girl whose completed
height was 165 centimeters (five feet
five inches), the numbers translat-
ed into the prediction that she had
to weigh at least 44 kilograms (97
pounds) before menarche would be
expected.

The comparisons also showed that
women who were amenorrheic be-
cause of simple weight loss needed
to reach a weight that was about 10
percent heavier than the menarche
threshold in order to restore and
maintain normal ovulatory cycles.
They had to have a total body-water
percentage of no more than 56.1, in-
dicating that fat accounted for about
22 percent of the body weight. This
value was the 10th percentile of the
body-water percentage at comple-
tion of growth for the normal girls at
the age of 18. A woman this age or
older whose height was 165 centime-
ters had to weigh at least 49 kilo-
grams (108 pounds) before her cycles
could be expected to resume. (Also,
cycles would stop if her weight fell
below this threshold.)

We were somewhat puzzled to find
that heavier weights and higher fat
percentages were necessary for reg-
ular, ovulatory cycles in the mature
group. Why should one need more

are typically about 28

fat at age 18 than at menarche? An
analysis of the data from the normal
sample provided the answer: normal
women gain fat during the interval
between their first menstrual cycle
and age 18. (By 18 they typically have
completed the phase of adolescent
subfertility, when the ovary, uterus
and oviducts are still growing, and
there are many anovulatory cycles.)
We found that both early- and late-
maturing girls gain an average of 4.5
kilograms (10 pounds) of fat between
menarche and age 18, when our nor-
mal subjects had an average of 28
percent of their body weight in fat. At
first we could hardly believe the
human female stores such a large
amount of fat when she is ready to re-
produce, but data in the literature
based on postmortem dissections
confirmed this value.

Many physicians now rely on the
nomograms as a guide to recom-
mending weight increases for un-
derweight women with amenorrhea
or anovulatory cycles. (Of course,
all pathology must be ruled out.)
In many cases a weight increase of
merely three to five pounds above
the threshold weight for height re-
sults in the resumption of menstrua-
tion; it is not yet possible, however,
to predict the precise amount any
given individual has to gain above
the threshold. At body weights close
to the required minimum, women
may still have anovulatory cycles
even if they are menstruating. (Ultra-
sound images of the ovary or meas-
urements of hormone levels would
reveal the disorder.) A further weight
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percentage” is therefore an index of fatness. By age 18 women

percent fat; men are about 13 percent fat.

The large fat store in women is presumably required to supply
energy for pregnancy and lactation. The graphs are based on
data from Bent Friis-Hansen of the University of Copenhagen.

gain—up to the range indicated by
the 25th percentile for body-water
percentage—could be necessary to
ensure regular, ovulatory cycles.
The narrowness of the weight thresh-
old is actually quite surprising: some
athletes we studied turned their men-
strual cycles on and off at will with
justa three-pound weight change.

I must note a few caveats here. Be-
cause factors other than weight, such
as emotional stress, affect the on-
set or maintenance of menstruation,
cycles that are disrupted by weight
loss may not resume in some wom-
en even though they reach the mini-
mum weight for their height. Also,
the time it takes before the cycles re-
sume with weight gain varies with
the length of time a woman was
amenorrheic. I should also point out
that our nomograms apply as yet
only to U.S. or European females and
do not apply to extremely muscular
women. Because muscles contain a
lot of water (80 percent), which is
heavy, they are heavy themselves;
hence a muscular woman with a nor-
mal weight for her height may actu-
ally have little fat in relation to her
lean mass.

By what mechanism might a modi-
fication in the amount of body
fat affect fertility? The critical role of
the hypothalamus in controlling re-
production was established by meas-
urements of a hypothalamic hor-
mone called gonadotropin-releasing
hormone (GnRH). This substance,
which is secreted in pulses, controls
the chain of events leading to ovula-
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tion. In underweight or excessively
lean women the pattern of secretion
of gonadotropin-releasing hormone
is abnormal in amount and timing
and is similar to that of prepubertal
girls. As a result the cascade of hor-
monal events that normally leads to
ovulation and prepares the uterus to
supporta pregnancy is disrupted.

In the mature female body GnRH
pulses stimulate the pituitary gland

to release two other hormones: folli-
cle-stimulating hormone, which con-
trols the growth of an ovarian follicle
(specialized cells that encase an egg),
and luteinizing hormone, which con-
trols the cyclical release of the egg
from the follicle. When these hor-
mone levels are low, ovulation can-
not occur.

Estrogen and progesterone secret-
ed by the ovary are also neces-
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HORMONAL SECRETIONS (colored arrows) that lead to ovulation and to regularly
timed menstrual cycles are controlled by the hypothalamus. Pulses of gonadotropin-
releasing hormone secreted by the hypothalamus cause the pituitary gland to release
follicle-stimulating hormone, which controls the growth of an ovarian follicle (special-
ized cells that encase an egg), and luteinizing hormone, which controls ovulation (the
midcycle release of the egg). In the first half of the cycle the growing follicle secretes
estrogen. This hormone modulates the activity of the pituitary and perhaps the hypo-
thalamus (broken arrow), and it stimulates the growth of the breasts and the lining of
the uterus. The ruptured follicle becomes the corpus luteum, which secretes progester-
one to promote the vascularization of the uterine lining. If the egg is not fertilized, es-
trogen and progesterone levels fall and the lining is shed (menstruation). Hypothala-
mic function can be affected by signals (black arrows) from higher centers of the brain.
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sary for ovulation and menstruation.
These hormones are affected by a de-
cline in the levels of gonadotropin-
releasing hormone and the conse-
quent changes in follicle-stimulating
hormone and luteinizing hormone.
The growing follicle normally re-
leases estrogen, which modulates
the hormonal secretions of the pitu-
itary, leading to a midcycle surge
of luteinizing hormone and hence to
ovulation. Estrogen also stimulates
the growth of the breasts and the
uterine lining. After ovulation the fol-
licle becomes the corpus Iluteum
(“yellow body”) and secretes proges-
terone, which increases the vascular-
ity of the uterine lining in prepara-
tion for implantation of the fertilized
egg. If no egg is implanted, the levels
of progesterone and estrogen fall and
the monthly flow of blood ensues.

Just what signal the hypothalamus
responds to when menstruation is
disrupted is still not certain. It may
receive signals from the abnormal
temperature control or the changes
in metabolism that are associated
with loss of body fat due to undernu-
trition and a high expenditure of en-
ergy. Itis also possible that the hypo-
thalamus may receive signals from
changes in estrogen that result from
fatloss.

How can fat make a difference to
estrogen? Adipose tissue was once
thought to be inert and to merely in-
sulate and cushion the body. It is
now known to be quite active in the
turnover of fuels in the body. It also
stores steroids (sex hormones) and
influences the amount and potency
of estrogen circulating in the blood.

Several research groups have de-
lineated the interrelation between
body fatand estrogen. Pentti K. Siiteri
of the University of California at San
Francisco School of Medicine and
Paul C. Macdonald of the Cecil H. and
Ida Green Center for Reproductive Bi-
ology Sciences in Dallas have found
that fat tissue converts androgen
(male hormones) into estrogen. This
conversion accounts for roughly a
third of the estrogen that circulates
in the blood of premenopausal wom-
en and is the main source of estro-
gen in postmenopausal women. (Men
also convert androgen into estrogen
in body fat.) The fat of the breast, ab-
domen, omentum (the apron of fat in
the abdomen) and, as my colleagues
and I have found, the fatty marrow of
the long bones all convert androgen
into estrogen.

Jack Fishman, H. Leon Bradlow and
their associates at Rockefeller Uni-
versity have shown that whether an-
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WOMAN of normal weight (left) who loses about 15 percent of
her body weight (right) may not be shockingly thin but may
stop menstruating anyway. Such a weight loss, which is mainly a
loss of fat, interferes with the ability to menstruate because hy-
pothalamic functioning is disturbed. How the effects of fat loss

drogen is converted into a potent
or a nonpotent form of estrogen is re-
lated to how fat one is. For instance,
anorectic lean girls have elevated
levels of a relatively inactive form of
estrogen, whereas fatter women pro-
duce less of this form and have an el-
evated level of a highly potent type.
Siiteri and his colleagues also found
that obese women have a relatively
low level of a substance known as
sex-hormone-binding globulin; as its
name suggests, the hormone binds
estrogen. Low levels of this binding
protein result in a high concentration
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of free estrogen in the circulation.
Leaner girls at menarche have higher
amounts of the binding protein and
therefore less free estrogen.

Several recent studies, including
our own, have shown that diet-
ing is not the only way women be-
come lean enough to impair their
hypothalamic function and disrupt
menstruation. Well-trained athletes
of all kinds, such as runners, swim-
mers and ballet dancers, have a high
incidence of delayed menarche, ir-
regular cycles and amenorrhea. This
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are perceived by the hypothalamus is not known. The author
proposes that the hypothalamic control of reproduction may be
disrupted by decreases in the concentration and potency of cir-
culating estrogen and by disturbances in the body’s ability to
control its temperature and to maintain a normal metabolic rate.

pattern implies that exercise could
be the cause—presumably by build-
ing muscles and reducing fat, thus
raising the ratio of lean mass to fat.
My colleagues and I have been able
to establish that regular intensive ex-
ercise is indeed the explanation. We
found that collegiate swimmers and
runners whose training began before
menarche first menstruated at an av-
erage age of about 15 years; women
whose training began later had an av-
erage menarcheal age of about 12.7
years—similar to that of both our
nonathletic control group and the
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general population. In our sample
each year of premenarcheal training
delayed menarche by five months.

Our data also showed that training
that begins before menarche is asso-
ciated with a high incidence of men-
strual irregularities. Of our college
athletes who had begun training be-
fore menarche, only 17 percent had
regular cycles; 61 percent had irregu-
larly timed cycles and 22 percent did
not menstruate at all. On the other
hand, 60 percent of the women who
began training after menarche had
regular cycles, 40 percenthad irregu-
lar cycles and none were amenorrhe-
ic. During intensive training the inci-
dence of irregular cycles and amen-
orrhea increased in both groups, in
association with loss of body weight
and increased leanness.

Measurements of hormones added
support for the suggestion that fat
loss contributes to menstrual disor-
ders in athletes. The findings indicat-
ed that lean athletes with disrupted
menstrual cycles or late menarche
had low levels of estrogen and low
levels of luteinizing hormone. Cessa-
tion of exercise because of an injury
restored the hormones to normal lev-
els, and the cycles resumed. Recent
measurements made by other work-
ers have further shown that well-
trained athletes with irregular cycles
and amenorrhea had hypothalamic
dysfunction: the levels of gonadotro-
pin-releasing hormone were abnor-
mal and were similar to those of un-
derweight women, as would be ex-
pected if a loss of fat and an increase
of muscle mass were the cause of
menstrual disorders.

We have also studied a female
body builder who does not run, jog
or dance but who concentrates on
building her muscles with exercise
machines. She becomes amenorrheic
when she is in shape for competition.
Measurements of her hormones have
shown thather levels of estrogen, fol-
licle-stimulating hormone and lutein-
izing hormone are as low as those of
dieting and athletic women.

New findings from former college
athletes add a different kind of con-
firmation that relative fatness has
an important effect on the human re-
productive system. A group of us in
Boston studied data on 5,398 college
graduates between 20 and 80 years
old, half of them former athletes and
half of them not. The former athletes
had a significantly lower lifetime oc-
currence of breast cancer and can-
cers of the reproductive system than
the nonathletes. The analysis took
into account possible confounding
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factors, such as age, family history of
cancer and smoking. The likeliest ex-
planation is that the former athletes
(who were leaner than the nonath-
letes in every age group) had lower
estrogen levels and a higher propor-
tion of low-potency estrogen. Appar-
ently the same factors that, when ex-
treme, can cause infertility in under-
weight or athletic women also exerta
protective effect against cancers that
are sensitive to sex hormones.

or direct evidence of a connection

between body composition and
fertility one has to turn to animals,
which can be dissected to determine
the weight of the lean body mass and
fat. At present all methods for meas-
uring body fat in the human being
are indirect, including underwater
weighing. D. Mark Hegsted, Koji Yo-
shinaga, both then at Harvard, and
I have shown that rats given a high-
fat diet had first estrus significantly
earlier than rats fed a low-fat diet of
equal calories. Direct carcass analy-
sis of the tissues showed that both
groups had a similar body-water per-
centage at first estrus and hence a
similar lean/fat ratio even though
their absolute body weights differed.

Other animals provide more cir-
cumstantial but nonetheless interest-
ing data. Consider the case of the so-
called double-muscled Charolais cat-
tle, whose particularly lean meat
makes them a desirable commodity.
Unfortunately for the farmers who
breed them, these animals have de-
layed puberty and difficulty repro-
ducing. The Charolais bulls similarly
are relatively infertile.

Another set of findings relates to
an unusual phenomenon known as
flushing: an increase in the rate of
twin births in sheep when they are
fed a high-calorie diet for a short
time—perhaps a week—before mat-
ing. Sheep farmers routinely capital-
ize on this phenomenon to increase
the number of twin births. The effect
is so strong that one can calculate the
number of twin lambs that will be
born to a healthy ewe on the basis of
the number of calories she eats.

The well-nourished human female
fortunately does not normally super-
ovulate in response to a high-calo-
rie meal (at least as far as we know).
Nevertheless, there is evidence for
a residual flushing effect. The rate
at which women gave birth to frater-
nal twins (from two eggs) but not to
identical twins (from one egg that
divides) declined in Holland during
World War II when there were food
restrictions; the rate of birth of frater-
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nal twins returned to normal after the
food supply became more plentiful.

Dﬁta from both the animal and the
uman studies suggest an expla-
nation for the variation in the nat-
ural fertility of human populations,
both historically and today. The total
number of live children born to cou-
ples who do not use contraception
can vary from as few as four among
the hard-living nomadic Bush people
of the Kalahari Desert in Africa to
an average of 11 children among the
well-nourished Hutterites, a prosper-
ous, noncontracepting religious sect
in the U.S. I explain these differences
in terms of a direct pathway from
food intake to fertility.

The idea is not completely new.
Charles Darwin described this com-
monsense relation years ago with
several observations: domestic ani-
mals (which have a regular and plen-
tiful food supply) are more fertile
than their wild relatives; “hard liv-
ing retards the period at which ani-
mals conceive”; the amount of avail-
able food affects the fertility of a giv-
en animal, and itis difficult to fatten a
lactating cow. I have shown that Dar-
win’s dicta apply to human beings
and that food supplies can affect fer-
tility throughout the life span.

For instance, data on growth and
reproduction of women in Great Brit-
ain in the mid-1800’s show that poor-
ly nourished females, who grew to
maturity relatively slowly (a pattern
that results in less fat per unit of lean
mass), differed from well-nourished
females in each event of the repro-
ductive span. Their menarche was
later, adolescent subfecundity last-
ed longer, their age of peak fertility
came later, the number of live births
in a given age group was smaller and
the number of unsuccessful pregnan-
cies was larger. Moreover, the dura-
tion of amenorrhea during breast-
feeding was longer and the interval
between births was therefore longer,
and the age of menopause (when
menstrual cycles cease) was earlier.
In that British population, as in many
other populations of the past, poor
couples still living together at the
end of their reproductive lives had
had only six or seven living births.

Most poor couples in developing
countries today also have about that
number. This may seem like many
offspring, but the number is actual-
ly well below the average human ca-
pacity. The relative infertility of the
women can be explained by the fact
that they tend to be undernourished
and also to perform hard physical la-



bor. If undernourished women have
fewer children than well-nourished
ones who do not practice contracep-
tion, why is there such rapid popula-
tion growth in the developing coun-
tries? The paradox is explained by
the fact that the death rate in these
countries has been reduced by mod-
ern public-health measures while the
birthrate has remained the same.

Whether they live in developing or
developed countries, women need to
be aware that they can become preg-
nant even though they are breast-
feeding. In developing nations nurs-
ing mothers who are ill nourished
generally do not resume ovulating
and menstruating until a year or
more after they give birth. Women
who are well nourished, however,
can resume ovulatory cycles as soon
as three months after delivery, even
if they are nursing full time. Having
too short an interval between births
is potentially dangerous because
pregnancy is an energy drain on the
mother and can cause the baby she is
carrying to have a low birth weight;
this would threaten the child’s sur-
vival and put it at risk for neurologi-
cal and other problems. Moreover,
hormonal changes that accompany
a pregnancy reduce the amount of
breast milk the mother produces.
Particularly in poor countries the
health of the already-suckling child
would then be jeopardized; in such
nations it is important that mothers
nurse for as long as possible because
infants are often weaned onto diets
thatare low in protein.

Some investigators have argued
that the pattern of suckling is the
only factor that affects the length of
“lactational amenorrhea.” Yet stud-
ies in Africa by Peter G. Lunn and
Roger G. Whitehead of the University
of Cambridge show that nutrition and
physical work clearly affect the time
to resumption of regular, ovulatory
menstrual cycles.

y work has focused on the fe-

male, but undernutrition and
weightloss also affect the male’s abil-
ity to procreate. In a classic study of
starvation in men Ancel Keys, Josef
M. Brozek and their associates at the
University of Minnesota found that a
decrease in calorie intake and subse-
quent weight loss first cause a loss of
libido. Continued weight loss results
in a reduction of prostate fluid and
then in lessened motility and longev-
ity of sperm; the production of sperm
is reduced when men weigh approxi-
mately 25 percent less than the nor-
mal weight for their height. Weight

BODY BUILDER has less fat and a great deal more muscle than nonmuscular women of
equal weight have. This young woman typically stops menstruating when she is in
shape for competition, as in this picture. Measurements have shown that her levels of
estrogen, follicle-stimulating hormone and luteinizing hormone are also low at those
times, as would be expected from her very lean body composition. Although athletic
women who train intensively are not as muscular as body builders, they too may be-
come amenorrheic because of an increase in their muscle and a decrease in body fat.

gain restores function in the reverse
order of the loss.

Recent studies of male marathon
runners and other top-ranking lean
athletes have shown that many male
athletes, like female ones, have hy-
pothalamic dysfunction: the hypo-
thalamus of many subjects secreted
too little gonadotropin-releasing hor-
mone, or released it in an abnormal
pattern, causing the levels of testos-
terone (a male hormone) to be lower
than normal. Whether such athletes
may also have decreased fertility is
not yet known.

There is as yet little discussion of
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the significance of fertility changes
related to fatness in men. In contrast,
the value of temporary infertility in
women who are too thin was recog-
nized a century ago. In 1884, when
there were many cases of nutrition-
al amenorrhea, the physician J. Mat-
thews Duncan advised the Royal Col-
lege of Physicians to treat a so-called
sterile woman with an ample diet,
such as roast beefand a French wine.
“If a seriously undernourished wom-
an could get pregnant,” he said, “the
chance of her giving birth to a viable
infant, or herself surviving the preg-
nancy, is infinitesimally small.”
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The Quantum-Etfect Device:
Tomorrow’s Transistor?

The components of ordinary integrated circuits can be made only so
small before disruptive effects impair their function. Beyond that
size limit a new species of semiconductor device could take over

he electronics industry and
I integrated circuits share an
inverse destiny. The industry
grows as circuits shrink, and growth
will continue as long as more and
more circuits can be crammed on a
single chip. But common sense and
careful analyses indicate that per-
haps within a decade downscaling
will run up against the limits of cir-
cuit technology. Even if practical lim-
its are overcome, the physical laws
that govern the behavior of circuit
components set fundamental limits
on the size of the components’ fea-
tures. In order to keep expanding,
the electronics industry needs anoth-
er technological revolution.

As a physicist with Texas Instru-
ments, Incorporated, I have for many
years been aware of the urgency of
developing a new frontier for semi-
conductor devices. In 1982 my col-
league Pallab K. Chatterjee published
a study that heightened my concern
by stressing how close the downscal-
ing endpoint was. There is still some
disagreement over that figure, with
estimates of minimum feature sizes
ranging between 100 and 500 bil-
lionths of a meter. While disputing
the problem, many of us arrived at
the same solution: that some of the
very phenomena that impose size
limits on ordinary circuits could be
exploited in a new generation of vast-
ly more efficient devices. The func-
tional bases for these devices are
quantum-mechanical effects that car-
ry semiconductor technology into a
realm of physics where subatomic
particles behave like waves and pass
through formerly impenetrable bar-
riers. With the so-called quantum
semiconductor device, I believe it
will be possible to put the circuitry of
a supercomputer on a single chip.
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by Robert T. Bate

The structures for quantum devic-
es have already been made using the
same materials as today’s chips:
doped silicon, doped and undoped
gallium arsenide, and aluminum gal-
lium arsenide. Because they can be
about 100 times smaller than the de-
vices in present-day integrated cir-
cuits, however, designing and fab-
ricating a viable device presents a
formidable challenge. Manufacturing
processes will have to become con-
siderably more sophisticated, and
new strategies for interconnection
and architecture will have to be de-
vised to cope with the special prob-
lems of size reduction.

As daunting as they are, these ad-
justments are worth making in or-
der to realize the ten-thousandfold
reduction in cost per function that
quantum devices could bring about.
They are also minor compared with
the difficulty of introducing new ma-
terials for which no relevant proc-
ess technology exists. And the prog-
ress that has been made at Texas
Instruments as well as at other indus-
try, government and academic labo-
ratories around the world suggests
that quantum devices just might em-
body the revolution the electronics
industry awaits.

he motive for shrinking the com-

ponents of integrated circuits is
minimizing the cost and time need-
ed to perform each circuit function.
Most functions are carried out by
transistors, which act essentially as
switches. In a transistor the speed
and precision with which switching
can be controlled, as well as the pow-
er needed to produce the switching,
has everything to do with the time
and cost per function attained by the
device. Because of its size, a transis-
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tor switch that operates on the princi-
ples of quantum mechanics would be
faster and would consume less pow-
er than a conventional transistor; be-
cause of effects peculiar to quantum
phenomena, it could also afford a
greater degree of control.

These attributes can best be ap-
preciated in comparison with the
performance of conventional transis-
tors. The most commonly used tran-
sistors today are field-effect transis-
tors, or FET's. They are made from
semiconducting materials doped
with elements that provide carriers
for electric charge. The charge carri-
ers can be either electrons, which
bear a negative charge, or positive
“holes”; a semiconductor that has
electrons as charge carriers is said to
be negatively doped (n-doped) and a
semiconductor that conveys charge
by the movement of holes is said to
be positively doped (p-doped). Sili-
con has been the traditional stuff of
integrated circuits, but gallium arse-
nide (GaAs) transistors have been
constructed that are faster.

The two types of transistor have
slightly different configurations [see
illustration on page 98]. In a typical
silicon FET aregion of n-doped silicon
called the source is separated from
another n-doped region, the drain,
by a p-doped channel. On top of the
channel there is a metal electrode
called the gate, which is kept from
coming in direct contact with the p-
doped silicon by a layer of insulating
silicon oxide. (This metal-oxide-semi-
conductor arrangement is the deri-
vation for the common acronyms n-
MOS, p-MOS and MOSFET.) A positive
voltage is applied to the drain; when
a weaker positive potential is also
applied to the gate, electrons clus-
ter in the silicon channel under the



gate and create a bridge of negative
charge carriers between the two n-
doped regions. This bridge, called
the inversion layer, enables elec-
trons in the source to flow toward
the positive voltage on the drain. The
current flow can be interrupted by
removing the potential on the gate,
thereby dispersing the electrons in
the inversion layer.

A gallium arsenide transistor also
has a gate electrode and terminals
that serve as source and drain, but
the n-doped part of the substrate is
not localized [see “Gallium Arsenide
Transistors,” by William R. Frensley;
SCIENTIFIC AMERICAN, August, 1987].
When a positive potential is applied
to the gate and the drain, current
flows freely from the source; if the
gate is given a negative voltage, it re-
pels electrons from the area under it,
blocking the path of conduction.

Both transistors are three-termi-
nal devices, and in both of them ad-
justing the voltage on the gate is
the most sensitive means of switch-
ing the device. Hence the transistors
can be switched “on” and “off” by
changing the voltage on the gate.
These devices work well at present
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QUANTUM CHIP has features 100 times smaller than those of
standard chip components. Current flows from one negatively
doped (n-doped) gallium arsenide block to another through a
layer of aluminum gallium arsenide, a gallium arsenide cube and
then another aluminum gallium arsenide layer. Because of cer-

scales, but with downscaling the dis-
tinction between switching states be-
comes blurred. At smaller scales cur-
rent leakage prevents a transistor
from being truly “off”; it also causes
unnecessary consumption of power.
Impurities or defects in the semicon-
ductor crystal can scatter electrons,
slowing both conduction and switch-
ing. For all its usefulness, the modern
FET has a problem: the smaller it gets,
the worse it switches.

Because the way in which quantum
semiconductor devices would
function is qualitatively different,
quantum devices promise more pre-
cise and efficient control of switching
in a size regime ordinary transis-
tors could never approach. This dif-
ference is manifested in the current-
voltage characteristics. In particular,
some quantum semiconductor devic-
es exhibit negative differential resis-
tance: thatis, there is a voltage range
in which the current decreases as the
applied voltage is increased. On a
graph of current versus voltage, this
property translates into a current
peak and a current valley [see top il-
lustration on page 100]. The presence

of negative differential resistance is
often the only indication a physicist
has that quantum effects are opera-
tive in an experimental device.

The elusive phenomenon at the
heart of quantum effects is the wave
nature of electrons. Quantum theory
predicts that an electron will exhib-
it wavelike behavior whenever the
region within which it is confined,
or the barriers erected to contain
it, has dimensions approaching the
electron’s wavelength. Hence at least
one dimension of the features in a
quantum device is comparable to the
wavelength of an electron. In gallium
arsenide at room temperature that
wavelength measures just 200 ang-
strom units (20 billionths of a meter).

The barriers that can contain elec-
trons are barriers of energy rather
than physical barriers. All electrons
possess a finite amount of energy
and are said to occupy energy levels;
the levels available are characteristic
of a given material. A group of close-
ly spaced levels is called a band. In
most solids the energy levels in each
band are so closely spaced that they
are essentially continuous, and so an
electron can change levels with only

tain quantum-mechanical effects that come into play in layers
of this size, the current a quantum device conducts is extreme-
ly sensitive to differences in applied voltage and can therefore
be closely controlled. This is an idealized model; a function-
ing device of such sophistication has not yet been fabricated.
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an infinitesimal boost of energy.

The relative positions of energy
bands determine whether electricity
can be conducted across two differ-
ent materials. For an electron to pass
from one material to another with no
change of energy, the bands of the
two materials must overlap. Specifi-
cally, in the first material the average
level occupied by electrons—called
the Fermi level—must coincide with
an energy band of the second materi-
al. If the energy band of the second
material occurs at a much higher en-
ergy level than the Fermi level of the
first, the second material acts as a
barrier to electron movement.

For example, under ordinary cir-
cumstances aluminum gallium arse-
nide (AlGaAs) presents a barrier to
the electrons in n-doped gallium ar-
senide. An electron cannot pass from
the doped GaAs to AlGaAs because
the conduction band of AlGaAs is
at a much higher energy level than
the Fermi level of the GaAs. Yet if
the physical dimensions of the bar-
rier are altered in such a way that
the wave nature of electrons comes

o ZERO
VOLTAGE

() POSITIVE
VOLTAGE

into play, an electron will “tunnel”
through the AlGaAs that was once
an obstacle. Hence when a layer of
AlGaAs thinner than 200 angstroms
is sandwiched between two pieces
of doped GaAs, the electrons tunnel
through it to the GaAs on the other
side. This tunneling is one kind of
quantum effect.

hen barriers confine electrons
within a space comparable to
an electron wavelength, the elec-
trons are subject to two other, inter-
related quantum effects: size quanti-
zation and resonance. Size quantiza-
tion causes the continuum of energy
levels that usually exists in the con-
duction band of a solid to become ar-
ticulated into discrete energy quanta,
or states. It is most aptly described
by a density-of-states graph, which
shows the number of allowed dis-
crete states of an electron within a
fixed energy range [see illustration on
opposite pagel.
When, for example, a sliver of un-
doped gallium arsenide is enclosed
within AlGaAs barriers, the density-

&) POSITIVE
VOLTAGE
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VOLTAGE
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. ) SILICON OXIDE SEMI-INSULATING
D p-DOPED SILICON i INSULATOR GALLIUM ARSENIDE
n-DOPED GALLIUM
‘:] n-DOPED SILICON ARSENIDE . ELECTRON

FIELD-EFFECT TRANSISTORS make up the majority of integrated-circuit components
today and operate according to the laws of classical physics. In the silicon transistor
(top) electrons flow between the source and the positively biased drain when a positive
voltage is applied to the gate. The gate potential creates a kind of electron bridge be-
tween two n-doped regions; without it the electrons in the positively doped (p-doped)
silicon channel disperse and the channel becomes impassable. In contrast, the gallium
arsenide transistor (bottom) conducts when there is no potential on the gate, but the
application of a negative voltage disrupts the flow of electrons from source to drain.
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of-states graph for the GaAs looks
more like a ladder than a hill. The
degree of quantization depénds on
the degree of confinement. When
the electrons in GaAs are restricted
in all three dimensions (a “quantum
dot”), their energy levels are com-
pletely discontinuous; in one-dimen-
sional restriction (a “quantum well”)
and two-dimensional restriction (a
“quantum wire”) the levels are still
somewhat continuous.

Resonance, the other consequence
of quantum confinement, occurs
only when some degree of size quan-
tization has been achieved. Electron
waves that enter, say, a quantum
well are reflected off the far wall
of the well; the waves essentially
bounce back and forth within the
quantum chamber [see bottom illus-
tration on page 100]. In doing so they
increase the tunneling current sub-
stantially—they resonate. Both size
quantization and resonance result
from the constructive interference of
the forward and backward waves. It
is difficult to separate the current en-
hancement that can be attributed to
resonance from the enhancement
that results from the increased densi-
ty of states at a given energy level.

As it happens, that distinction is
not crucial for transistor operation.
What does matter is that in a quan-
tum-effect device two slightly differ-
ent voltages can evoke profoundly
different responses. The differences
should be most pronounced in the
most confined structure, the quan-
tum dot, because it exhibits the high-
est degree of quantization. At voltag-
es where tunneling occurs, current
is enhanced by the high density of
states and by resonance effects to
create a peak; at other voltages, the
total absence of states at energies in-
termediate between quantum levels
ensures that very little tunneling oc-
curs, and a valley in the current is
thus created.

To visualize how these quantum
effects could come in handy in a tran-
sistor, imagine two slabs of n-doped
GaAs separated by an AlGaAs-GaAs
quantum dot. Electrons trying to pass
from one slab of doped GaAs to the
other must tunnel through a lay-
er of AlGaAs into the quantum dot
and then through another stretch of
AlGaAs. They cannot enter the quan-
tum dot, however, unless one of the
energy levels in the dot is on a par
with the Fermi level of the doped gal-
lium arsenide from which the elec-
trons are emitted.

The Fermi level of the GaAs “emit-



ter” can be raised with respect to the
rest of the structure by applying a
positive voltage to the doped GaAs
on the opposite side of the dot—the
“collector.” At some voltage the Fer-
mi level of the emitter will attain
the same energy as one of the ener-
gy levels in the dot, and electrons
will move into and resonate within
the dot. There is a single voltage
at which this occurs; the conduction
that takes place at other voltages ow-
ing to thermal excitation and to leak-
age and scattering is negligible. Here,
then, is a way to control precisely the
switching of a semiconductor device.

Ithough from this description the
incorporation of a quantum-dot
structure in a so-called quantum cou-
pled device may seem like a remote
possibility, actually the realization of
such a device may not be too many
years away. Indeed, the exploitation
of quantum effects in semiconductor
devices dates from the 1950’s. The
Esaki tunnel diode, named for its
inventor, Leo Esaki, now at the IBM
Corporation’s Thomas J. Watson Re-
search Center in Yorktown Heights,
N.Y., was the first quantum semicon-
ductor device. In this diode n- and
p-doped semiconductors were jux-
taposed to create a layer having no
charge carriers at all. When the dop-
ing was extremely high, the so-called
depletion layer became thin enough
for electrons to tunnel through. The
diode never had widespread appeal,
however, because the three-terminal
devices that were coming of age at
the time proved to be more efficient
and convenient.

In the 1960’s workers at the Watson
Research Center verified that quan-
tum confinement in one dimension
takes place in the inversion layer of
silicon MOSFET’s. Because the influ-
ence of quantum effects on device
characteristics was so small, that dis-
covery had little impact on transis-
tor development. Subsequent work
by Nick Holonyak, Jr., of the Univer-
sity of Illinois at Urbana-Champaign
made quantum wells standard ingre-
dients in lasers. In the 1970’s Esaki,
along with Leroy L. Chang of the Wat-
son Research Center and Raphael
Tsu, now at North Carolina Agricul-
tural and Technical State University,
carried out the earliest experiments
on resonant tunneling through wells.
Quantum effects were not deliberate-
ly induced in transistors until recent-
ly, in the so-called modulation-doped
FET’s. The quantum wells in these
devices, however, serve.only to im-

prove the mobility of electrons that
otherwise act as they do in conven-
tional transistors.

While seemingly tangential, these
developments helped to advance the

the technology for constructing ex-
perimental structures was at hand
when interest in the field finally blos-
somed. For the past four years the re-
alization of zero-dimensional quan-

tum structures has been the focus
of attention for workers around the

techniques required to make quan-
tum semiconductor devices, so that
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QUANTUM CONFINEMENT alters the energy states an electron can occupy in a con-
ducting material. For example, in an ordinary piece of n-doped gallium arsenide (top
left) electrons move freely among a continuum of states, but when barriers of alumi-
num gallium arsenide are erected in one dimension around a gallium arsenide quan-
tum well the width of an electron wavelength (200 angstrom units), the density of ener-
gy states in the well becomes quantized, or discontinuous (top right). Restricting the
height of the well gives rise to a quantum wire (bottom left). The degree of quantization
depends on the degree of confinement; true quantization is realized only when gallium
arsenide is confined in three dimensions in the quantum-dot structure (bottom right).

99

© 1988 SCIENTIFIC AMERICAN, INC



!
z
w
[~4
[-4
=
O
T
|
ZERO RESONANT VALLEY
VOLTAGE VOLTACGE VOLTAGE
g - g g
b4 = z [ -4
w w w
=== | == o

ZERO VOLTAGE RESONANT VOLTAGE VALLEY VOLTAGE

CURRENT-VOLTAGE CHARACTERISTICS of a quantum-well device reflect the quanti-
zation of energy states in the gallium arsenide well. Such devices show a range of volt-
age in which the current conducted by the device decreases as the voltage applied to
one of the n-doped gallium arsenide contacts increases. This happens because at one
voltage (the resonant voltage) the average energy of electrons in the n-doped sub-
stance (top of yellow band) shifts to a level that coincides with one of the quantum
states (red) in the well, but beyond that voltage the energy band of the doped gallium
arsenide occurs between quantum states. Hence at the resonant voltage an electron (ar-
row) can tunnel through the aluminum gallium arsenide energy barrier (purple) into
the well, whereas at the valley voltage there are no states for the electron to tunnel into.
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TUNNELING ELECTRONS (arrows) resonate in a gallium arsenide quantum well (red)
when a positive bias called the resonant voltage is applied to one of the contacts (top).
The electron waves bounce back and forth inside the well, enhancing the current to
give rise to the peak on the graph at the top of this page. At the valley voltage (bottom)
little tunneling or resonance takes place, consequently the current dips dramatically.
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world. Atthe AT&T Bell Laboratories,
IBM, the Massachusetts Institute of
Technology, the University of Cam-
bridge and the Philips Research Lab-
oratories, size quantization in quan-
tum wires has been demonstrated in
silicon and gallium arsenide devices
alike; quantum dots have been fabri-
cated at AT&T, Bell Communications
Research, the Hughes Research Lab-
oratories and the University of Glas-
gow as well as at Texas Instruments,
where the clearest indication of size
quantization in dots has been found.

Al operational semiconductor de-
vice has yet to be constructed
from a quantum-dot structure, but a
prototype should be available within
one or two years. One of the objec-
tives of current research is the con-
version of quantum devices, which
are most readily constructed as di-
odes, to three-terminal devices with
a third contact directly modulating
the potential of the quantum struc-
ture. Such a connection would yield
the most compact device, and one
that would most closely approach
the maximum switching speed af-
forded by tunneling. Devising a tech-
nology to manufacture reliable and
nondestructive contacts for such thin
layers, however, will require a great
deal of ingenuity.

By placing quantum dots in close
proximity, electrons might also be
enabled to tunnel from one dot to
another—from one quantized state
to another. This arrangement would
provide the ultimate in circuit con-
trol because the energy states the
electrons could assume at both the
point of departure and the point of
arrival would be strictly dictated.
Again, the challenge lies in the formi-
dable task of fabricating structures
hundreds of times smaller than any
of the features in current semicon-
ductor products. And that degree of
downscaling will in turn bring about
problems with interconnections and
architecture that industry will have
to solve before quantum semicon-
ductor devices can be regarded as
marketable entities.

The commitment of so many re-
search teams to a problematic tech-
nology attests to the tremendous po-
tential of these devices and to the
faith that they will take the lead in
the next semiconductor revolution.
The costs and risks involved must be
borne in order to revitalize a rapidly
maturing electronics industry; the re-
sults can only benefit a society that
has learned to depend on integrated
circuits in many ways.
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The Roman Port of Cosa

At its height in 100 B.C. it included an amphora factory, a winery,
a fishery and a water-distribution system as well as a harbor with
concrete piers—all controlled by one noble, entrepreneurial family

was the chief medium for inter-

national trade and communica-
tion—ports were even more impor-
tant places than they are today. They
were centers for the importation of
goods, ideas and people as well as for
the accumulation of wealth through
exports. Yet in spite of their signifi-
cance, archaeologists have paid little
attention to ports. Since the inven-
tion of the self-contained underwater
breathing apparatus (SCUBA) in 1942,
shipwrecks have received the lion’s
share of attention from marine ar-
chaeologists. Hence it is significant
when an ancient port is studied with
the full complement of methods of
modern archaeology. That is exact-
ly what has happened at the Roman
port of Cosa, where a team of archae-
ologists, geologists, engineers and
others has been working for 22 years
under my direction.

During late Republican times, in
the second and first centuries B.C.,
Cosa was a port of first importance
for the western Mediterranean. The
foundation of its wealth was a re-
markable commercial complex, in-
cluding a harbor with concrete piers,
a lighthouse, a fishery, factories for
making amphoras, wine and fish
products along with machinery for
lifting fresh water from a spring.
Much of this array was probably con-
trolled by a single family known as
the Sestii, who seem to have served
as patrons of technology much as the
Medici served as patrons of the arts
during the Renaissance. Although
the Sestii had been known as impor-
tant Roman politicians, their role in
international trade was a surprise.

Other surprises too have come
from the work at the port of Cosa.
The origins of Rome’s international
trade have been pushed back two
centuries. The earliest dated exam-

In ancient times—when the sea
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ple of hydraulic concrete made with
atype of mortar called pozzolana has
been found, as well as the remains of
the earliest Roman lighthouse. In the
lagoon behind the port the first Ro-
man commercial fishery was found.
We also uncovered the earliest ar-
chaeological evidence for water-lift-
ing machinery of a type still em-
ployed in the Near East. As the result
of our excavations something rare
has taken place: a major new ancient
port site has been added to the map.

he Romans founded the Latin col-
ony of Cosain 273 B.C., soon after
conquering the nearby Etruscan cit-
ies of Vulci and Volsinii. About 140
kilometers (an easy day’s sail) north
of Rome, Cosa offered the only high
promontory with a protected anchor-
age for many hundreds of kilome-
ters. In the days of coastal naviga-
tion, when lights to steer by and
coastal lookouts were essential, the
promontory of Cosa would have
been a key point of reference for
ships moving westward around the
Argentario peninsula to the north-
west of Cosa and up the coast of Gaul
(modern France) and Spain. Control
of Cosa’s headland was vital to any
system of naval defense or trade not
only in the immediate region but also
in the entire western Mediterranean.
The first half of the third century
B.C., which spanned the founding of
the colony of Cosa, was a crucial time
for Rome. The conquest of the Etrus-
cans in the north and the Greeks in
the south enabled the Romans to
control the entire Italian peninsula.
Having done so, they pushed out-
ward and engaged the great maritime
power of Carthage in the three Punic
Wars, from which Rome emerged in
the middle of the second century B.C.
as the chief naval and commercial
force in the Mediterranean. The suc-
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cess of this expansion was due large-
ly to the systematic establishment of
coastal colonies along the Tyrrhe-
nian coast, and the defensive role of
those colonies has long been rec-
ognized. Our excavations at the
port of Cosa, however, suggest that
commercial rivalry with Carthage
for western Mediterranean trade was
also a driving force in the establish-
ment of the coastal colonies.

The importance of commerce
yields a new perspective on the colo-
ny of Cosa, which stretched for more
than 30 kilometers along a part of the
Tuscan coastline known today as
the Maremma. It should be noted that
the port was not the only component
of the colony. Above and behind
the port lay the fortified hill town
of Cosa, partially excavated by the
American Academy of Rome in a
long dig that began in 1948. The town
was clearly the religious and civic
center of the colony, and it was ini-
tially thought to be the key to the co-
lonial life of the region. No one sus-
pected that a major Mediterranean
port lay below, but it is now evident
that the Portus Cosanus was the eco-
nomic center of the colony and the
primary source of its wealth.

One reason for the port’s success
was that it possessed the only source
of fresh water in the area. Whereas
the town of Cosa and the nearby port
of Hercules (modern Port’Ercole) on
the Argentario peninsula had to rely
on rainwater, the port had numerous
springs that provided abundant pota-
ble water for ships, sailors and sever-
al industries: an amphora factory, a
winery, a fishery and a saltery (an in-
stallation for salting ‘fish). In the
course of our excavations the largest
of the springs was released, gushing
forth at a rate of some 1,500 liters per
minute. Judging from the number of
broken drinking vessels found near



it, this spring must have served the
inhabitants of the surrounding area
in ancient times.

What was the port of Cosa like at
the peak of its commercial activity in
about 100 B.C.? The harbor, which
was the central element of the com-
plex, had been modified considera-
bly from its natural state by Roman
engineers. To augment the protec-
tion offered by the promontory, a
breakwater of limestone rocks quar-
ried from the cliffs overlooking the
harbor had been thrown out. Some
110 meters long and 70 meters wide,
the rocky platform has sunk into the
sandy harbor floor, but in Roman
times it must have protruded from
the water. It was designed to break
the incoming waves while allowing
free circulation of offshore currents
through its loosely packed rocks,
thereby preventing silting, which is a
major threat to harbors. John D. Lew-

is of the U.S. Army, the excavating
engineer, has concluded that this de-
sign was the work of experienced en-
gineers who were quite familiar with
local wave and current conditions.

Extending from the shore was a
row of three concrete piers that
are still visible above the water at
Cosa; another two piers, now sub-
merged, rested on top of the break-
water. The piers provided facilities
for mooring and unloading as well as
protection for a smaller, inner basin.
They were made of pozzolana mor-
tar combined with pieces of lime-
stone, tuff (a volcanic rock) and am-
phora fragments. (Their composi-
tion, along with that of Cosa’s other
concrete structures, was analyzed by
Elaine K. Gazda of the University of
Michigan.) Pozzolana is a powdery
volcanic ash; when mixed with lime
and water, it forms a tenacious bind-

ing material that sets and endures in
salt water or fresh. The discovery of
pozzolana by the Romans at ancient
Puteoli, near Naples, in the third or
early second century B.C. enabled
them to become the greatest harbor
builders of the ancient Mediterra-
nean. The piers at Cosa are the first
known example of this technology.
The piers were reached by a single
entrance channel just off the east-
ern tip of the main breakwater. The
channel was about six meters deep,
ample clearance for a Roman mer-
chantman 20 meters long. Such ships
could have anchored in the protect-
ed basin, whereas smaller craft were
moored to the breakwater or the
piers or hauled up on shore. Floating
docks may have extended from the
breakwater or the beach. Loading
and unloading was carried out by
barges and small boats working from
shore, and there may have been

HARBOR OF COSA as it appears today is dominated by a lime-
stone promontory. The promontory, which sheltered the harbor
and provided a navigational landmark, was one reason the Ro-
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mans established a colony at Cosa in 273 B.C. Extending in a row
from the shore are the remains of three concrete piers built by
the Roman port engineers as they modified the natural harbor.
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cranes to unload ships tied up at the
piers. Small boats anchored in shal-
low water were loaded or unloaded
by men wading out from the beach;
the men would have carried ampho-
ras on their shoulders.

An element often taken for grant-
ed in a harbor is the lighthouse, but
when Cosa was at its peak, the light-
house was arelatively recentinnova-
tion. Invented in Alexandria in the
third century B.C., it was made a stan-
dard part of harbor works by the Ro-

mans. There is no evidence for a
lighthouse during Cosa’s earliest
years, but we have found significant
evidence for one during the peak
commercial period. A model light-
house made of terra-cotta, found at
Vulci and dated to the late second
century or the first half of the first
century B.C., has been identified by
Paola Zancani Montuoro of Naples as
the Cosa light. She calculates that the
full-size light may have been 30 me-
ters tall with a square base five me-
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PORT OF COSA was the economic centerpiece of a Roman colony extending for 30 kilo-
meters along the sandy Tyrrhenian (west) coast of Italy (top). The colony included the
small fortified hill town of Cosa, which may have had 1,000 inhabitants, and the nearby
Port of Hercules. Amphoras bearing the marks of the Sestius family, which dominated
Cosa for more than two centuries, have been found at some 30 sites in the western Med-
iterranean (circles on bottom map). Most of those sites are in Gaul (modern France).
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ters on a side. It seems likely that the
lighthouse sat on Pier 5, which was
built on the eastern tip of the break-
water and is now submerged.

This harbor complex, too exten-
sive for private use, was doubtless in-
tended for commercial purposes. No
inscriptions have been found to tell
us who built it, controlled it and grew
rich from it. The profusion of ampho-
ra fragments uncovered in our ex-
cavations, however, provides some
information to fill the gap. Roman
amphoras were frequently stamped
with the mark of the manufacturer,
and so the study of amphora frag-
ments offers much evidence about
who dominated trade at Cosa. Some
1,000 amphora fragments were cat-
alogued, and Elizabeth Lyding Will
of the University of Massachusetts at
Ambherst has carefully studied them.
Her work suggests how tight the hold
of the Sestii was on Cosa during its
commercial zenith: 86 percent of the
amphora stamps found at the port
are Sestius stamps.

The vessels from which these frag-
ments came were the chief shipping
containers of classical antiquity. The
amphora shape evolved from the
need to store and ship bulk quanti-
ties of liquids, fruits and other foods
in a vessel small enough to be han-
dled by one man—a necessity for
loading or unloading without me-
chanical equipment. It seems prob-
able that the Sestii had a factory
for making these critical containers
at Cosa. Mineralogical analysis by
Raffaello Trigila of the University of
Rome and Jelle Z. de Boer of Wesley-
an University of the coarse red clay
of the Sestius amphoras shows that
the clay came from Cosa. Although
the remains of the amphora factory
have not been found, it probably
stood on the sand behind the harbor.

osa, with its amphora factory,

was undoubtedly the home port
of the Sestii. From there Sestius prod-
ucts were widely shipped: ampho-
ra fragments bearing Sestius trade-
marks have been found at more than
30 other sites in the western Mediter-
ranean as well as in the Agora at Ath-
ens. Initially the main export was
wine. Painted inscriptions on ampho-
ras indicate that the primary Sestius
product was wine. The Roman states-
man Cicero writes that, in addition
to ships, the Sestii owned a villa at
Cosa, which may well have included
avineyard. It was probably there that
they made the table wine that was
exported throughout the western



Mediterranean, particularly to Gaul.
On the return journey the merchant
ships may have brought back met-
als and slaves to work in the Sestius
industries.

Among the best-known of the sites
where Sestius amphora stamps have
been found is Grand Congloué, a
rocky island off the French coast
near Marseilles where two Roman
merchant ships were wrecked. The
uppermost wreck, excavated by Jac-
ques-Yves Cousteau, went down in
about 100 B.C.—just at the peak of Co-
sa’s commercial eminence. Its cargo
consisted of 1,200 Sestius wine am-
phoras, a haul that could only have
come from a factory such as the one
we think existed at Cosa. Although
the ill-fated ship has been known
since 1952, the port from which it put
to sea could only be guessed at; now
it seems clear that the merchantman
put to sea at the Sestius home port.

The amphoras from the Grand Con-
gloué wreck show that to capture a
mass market the Sestii developed
techniques of mass production. Most
of the 1,200 amphoras that were
found on the wreck are of a single
type, which has been designated Will
Type 4a. About a meter tall, it held 26
liters of wine. The Type 4a shape,
with its tall neck, long vertical han-
dles and narrow belly, was devel-
oped to provide increased capacity
and greater ease of handling. By the
late second century B.C. it had be-
come dominant: along with the close-
ly related Type 4b it makes up 70 per-
cent of the material found at the port.
Indeed, the Will Type 4 amphora was
the most popular of all the Roman
wine jars of the Republican period.

If mass-production methods and
monopolies have a modern ring, so
does another aspect of the Sestius
commerce at Cosa: diversification.
With the profits from their export
trade in wine, these shrewd mer-
chants apparently diversified into
the manufacture of fish products on
an industrial scale. The ancient ge-
ographer Strabo gives evidence of
a fishing industry on Cosa’s shores
in the late first century B.C. Strabo
writes that a watch for tuna was kept
on the promontory, one of only three
such watches he identifies on the
long Tyrrhenian coastline. The an-
nual eastward migration of the big
fish, which lasts from May to Octo-
ber, was eagerly awaited, and where
there was a tuna watch there must
also have been a means of process-
ing the fish once they had been
dragged up on the beach.
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PORT AT ITS HEIGHT was an industrial complex for the manufacture, packaging and
shipping of two chief products: wine and processed fish. The fish, from a lagoon fish-
ery behind the port, was dried, pickled or salted; wine was made at a winery near the
harbor. Both commodities were shipped in amphoras manufactured at Cosa. The har-
bor included five piers and a breakwater surmounted by a lighthouse 30 meters tall.
The harbor was linked to the lagoon by artificial and natural channels. This illustra-
tion and the one on page 108 are based on drawings by J. F. Warren of 1. M. Pei Partners.
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Exactly how the catch was proc-
essed is not yet known; the remains
of the fish factory or saltery have
not been found. Yet our discovery
of a fish farm in the adjacent lagoon
makes it clear that Cosa was indeed
an industrial fishery in the first centu-
ry B.C. We found concrete fish tanks,
more than 100 meters long, covering
about a hectare (247 acres) of the
west end of the adjacent lagoon. The
lagoon has largely silted up, but in
antiquity it extended 25 kilometers
or more to the east.Joanne Bourgeois
of the University of Washington esti-
mates that in Roman times the la-
goon was about 800 meters wide at
its widest point and about five meters
deep. Such coastal barrier lagoons
are found elsewhere in Italy only
near Venice, and even today they
are one of Italy’s richest natural re-
sources; a modern lagoon fishery
operates today at the town of Orbe-
tello, near Cosa.

he shallow, brackish lagoon was
rich in vegetation that supported
awide variety of marine life. With rel-
atively little modification it could be
turned into an industrial complex for
raising and catching fish. The one

modification that was essential was
to provide a continuous circulation
of water to control temperature, oxy-
gen levels and salinity. In early co-
lonial days the Cosans must have
exploited natural channels cutting
through the long sand barrier from
the sea to the lagoon. Even more
favorable for the development of a
fishery, however, was the limestone
promontory, which was split by nat-
ural fractures and dotted with fresh-
water springs. The fractures could be
widened and improved, creating a
permanent link between the sea and
the lagoon.

One fracture, called the Tagliata
(cut), was modified particularly for
the fishery. This channel, cut in part
from bedrock, winds 150 meters to
join the south side of the ancient la-
goon. Its seaward section was fitted
with sluice gates to control the flow
of water and to serve as a tank for
catching fish feeding in its rocky pas-
sages. In the drier seasons, or when
the tides were rising, the Tagliata car-
ried cool seawater (and fish) into the
lagoon. In the rainy fall and winter,
when the lagoon was high, the Ta-
gliata carried the overflow back to
the sea. In this way the Roman engi-

neers made it possible to raise and
keep fish in the large concrete tanks,
which could have yielded about 150,-
000 kilograms of fish per year.

What those fish may have been is
suggested by the species raised and
taken at the modern fishery at Or-
betello. Various members of the eel
family make up about 50 percent of
the catch. Eels ascend in the spring
and descend in the fall and early win-
ter to spawn only once in deep wa-
ter. They are caught today—as they
were in antiquity—in special traps
set along the boundary between the
lagoon and the sea. Other species
adaptable to brackish water are the
gray mullet, the sea bass, the gilt-
head and the sole. Mullet were partic-
ularly prized by the Romans; large
ones brought exorbitant prices, and a
special type of fish sauce was made
from their liver.

Now, some of this catch would
have been eaten by the local popula-
tion: the people of the port, the town
and the nearby farms. Some of it
would have been shipped in special
boats equipped with deep wells for
holding live fish. In the days before
refrigeration, however, the largest
part of the catch must have been

CONCRETE PIER has endured for almost 2,000 years in the har-
bor at Cosa. The binding element of the concrete was pozzolana,
a volcanic ash. When mixed with lime and water, concrete with
pozzolana mortar sets and endures in salt water or fresh water.

106

© 1988 SCIENTIFIC AMERICAN, INC

In the lighter upper layer pozzolana was mixed with limestone
and amphora fragments. In the darker lower layer the mortar
was mixed with tuff, a volcanic rock that lasts in water. The holes
accommodated formwork in which the concrete was molded.



pickled, salted or dried (fish proc-
essed in these ways was a staple of
the ancient Roman diet). The most fa-
mous and profitable of all processed
fish products, however, was the
sauce known as garum. Made from
the guts of fish left to ferment in the
sun, garum was usually produced at
a saltery as a by-product. Although
sometimes blended and drunk as a li-
quor, garum was usually consumed
as a pungent, salty condiment and in
that form it was on every table: the
Roman culinary authority Apicius in-
cludes more than 350 recipes calling
for garum in his famous cookbook.

ot only was garum in great de-

mand but also it was highly prof-
itable to make. The historian Pliny
the Elder writes that an amphora of a
special variety of garum fetched 10
times as much as an amphora of even
the choicest wine. Under those con-
ditions it is no surprise to find that
the Sestii seem to have diversified
into the manufacture of garum. Will
has identified two of our amphora
shapes from the late second and first
centuries B.C. as having been specifi-
cally for garum,; it is also possible that
some other jars, formerly thought
to have been for wine, were actually
for the expensive fish sauce. In any
event, the evidence from Cosa is star-
tling, because it had been thought
garum was not exported from Italy
until the first century A.D., and even
then not in quantity.

Although it is logical to assume
that the Sestii were indeed behind
the elaborate fishery complex, it
must be keptin mind that we have no
explicitly written sources to go by.
The archaeological material, how-
ever, is overwhelmingly in favor of
the Sestius influence, particularly in
the period of the port’s prime. The
Sestii employed a symbol of the Cosa
lighthouse in one of their amphora
stamps. Most of the other stamps in-
clude symbols of Neptune such as
the trident, a ship’s wheel, an anchor,
a fishhook, fish spines and a palm
branch. Neptune, the god of the sea
and of fresh water, was also the deity
of the port: his temple stood on a hill
behind the lagoon. Perhaps when
Cosa became a municipium (a self-
governing town of Roman citizens) in
90 B.C., the Sestii obtained from the
town a franchise for the fishing and
water rights in the lagoon.

Whatever the legal arrangements
for the control of the fishery may
have been, one of its essential prac-
tical requirements was a supply of

SESTIUS AMPHORA is of the kind called
Will Type 4a, the variety most commonly
found at Cosa. About a meter tall, it held
26 liters and was generally filled with
wine. Like other Sestius amphoras, Type
4a was stamped with one of the Sestius
marks (right): “SES” and a small device—
here the trident, Neptune’s symbol. Nep-
tune was not only the god of the sea and
of fresh water but also the port deity. This
amphora was found in the walled hill
town of Cosa, above and behind the port.
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fresh water. As I have mentioned, the
port had several springs, but to be of
use for industry, water must be col-
lected and brought to where it is
needed in daily operations. To fulfill
those functions, the Cosans built a
springhouse directly over the spring
we released during our excavations.
This unique structure, which con-
tained equipment for lifting water
from the spring to an aqueduct,
served the port in its prime and was
later refurbished and used again by
the large villa that was then occu-
pying the site. The most important
single find of our entire excavation
came from the springhouse: pieces of
the wood machinery that lifted the
water from the spring.

The first phase of operation of the
springhouse began early in the first
century B.C., when the port was at its
commercial zenith. The initial design
called for the mechanism to lift wa-
ter five meters from the ground-lev-
el spring to a collecting tank, from
which it flowed east on an aqueduct
across the lagoon to the commercial
area and the port, making fresh water
available to industries, ships and sail-
ors. At the end of the first century B.C.
the springhouse was abandoned, to
be rebuilt only after about a centu-
ry, this time lifting water 13 meters
up the sloping hillside to the west
across an aqueduct that emptied into
alarge cistern.

The second springhouse complex

CISTERN

was destroyed by fire in about A.D.
150. Fortunately, pieces of its ma-
chinery fell into the room over the
spring, where they were preserved
until we found them almost 2,000
years later. Because the design of the
water-lifting mechanism does not
seem to have changed fundamental-
ly during the 250-year life of the
springhouse, the remains help us to
understand the principles of the ma-
chinery employed in the first phase
of operation as well as the second
one. The job of analyzing the ma-
chine was undertaken by John P. Ole-
son of the University of Victoria in
British Columbia, who excavated the
springhouse and restored parts of
the water-lifting machinery.

he overall design was based on

a pair of meshing wood gear
wheels, one horizontal and one verti-
cal. Turning the horizontal wheel (by
means of a bar extending from its
axle) drove the vertical wheel. The
vertical wheel was linked by a shaft
to a third wheel, also vertical. As the
third wheel turned it propelled a con-
tinuous chain of buckets that lifted
water from the spring and emptied
it into a trough immediately under
the bucket-chain wheel. Machinery
of this type, which was probably de-
veloped at Alexandria in Egypt in the
third century B.C., is still employed
in parts of the Near East, where it is
known by its Arabic name of sagiya.

The remains from Cosa—including
parts of seven buckets and a spoke
from the bucket-chain wheel—are
the earliest archaeological evidence
for a sagiyamechanism.

The springhouse containing this
apparatus climbed the steep hillside
above the lagoon in three sections. A
concrete platform extended into the
lagoon itself. Attached to the plat-
form was a basin that held 17,000 li-
ters of water with additional over-
flow capacity.Joined to the basin was
a tall structure that supported and
protected the lifting apparatus. The
bucket chain, Oleson concludes, con-
sisted of a pair of rope loops, each
27 meters long, to which 24 wood
buckets were attached at intervals.
The buckets, covered with pitch in-
side and out, held about seven liters
apiece. Once they had emptied their
contents into the collecting trough,
the water flowed to the cistern, from
which it was carried to the nearby
villa through a system of lead pipes.

In most modern sagiya systems
draft animals provide the motive
force. The dimensions of the spring-
house and the difficult access to the
top of the structure that held the
drive mechanism at Cosa indicate
that animals were not used there; hu-
man power moved the chain. Slaves,
criminals or prisoners probably did
the work, one on each end of the bar
that turned the drive wheel. Oleson
calculates that it would have taken

GEARED WHEELS <4

y

SPRINGHOUSE at Cosa held machinery for lifting water from a
natural spring. The machinery was probably worked by a pair of
slaves, who pushed on the ends of a long bar. The bar turned
a horizontal gear wheel that drove a vertical one. The vertical
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wheel was linked by an axle to a third wheel, which lifted a chain
of 24 buckets. As they passed over the bucket-chain wheel, the
buckets emptied their contents into a trough. From there the wa-
ter flowed out to a cistern and was then distributed in lead pipes.



two slaves about 45 hours to fill the
cistern, which held 127,000 liters.

The remains of the water-lifting
system at Cosa are unique. Not only
are they the earliest dated archaeo-
logical evidence for such a machine
but also the mechanism at Cosa lift-
ed the water from ground level to a
higher elevation. All other examples
known from antiquity lifted water
from subterranean springs to ground
level. What is more, the buckets are
the only examples made of wood that
are known from ancient times; all the
others that have been found are
made of terra-cotta and date to the
early third century A.D. or later.

By the time the second spring-
house was built, sometime in the sec-
ond half of the first century A.D.,
many changes had taken place at the
port. No longer a great center for ex-
ports and industry, it had become a
facility for the importation of the lux-
ury goods demanded by the wealthy
owners of the villas in the area. The
merchant ships, sailors and laborers
had vanished, along with the bustle
of harbor life. In their place on Cosa’s
shores was the large villa mentioned
above, which may have been the
property of an emperor. Whether the
villa was imperial or not, it was cer-
tainly a luxurious enterprise, and it
was probably to supply its large bath
building (a regular feature of any Ro-
man villa) that the springhouse ma-
chinery was rebuilt.

hy had the port changed so dra-

matically? Several factors seem
to have been at work. One of them
was natural. As I have described,
silting is among the greatest threats
to any harbor, and this is particular-
ly true along the sandy Tyrrheni-
an coast. The excavations at Cosa
turned up a layer of gray sea sand fill-
ing the fish channels and spreading
into the lagoon itself. Bourgeois has
interpreted this as possible evidence
for a great storm or tidal wave that
silted up the harbor and some of the
channels on which the fishing lagoon
depended. Such a cataclysm might
have been sufficient to reduce the
commercial activity at the port.

In addition, by the beginning of the
imperial period in 27 B.C. the need for
a port at Cosa had diminished consid-
erably. The emphasis of Roman trade
had shifted from exports to imports:
grain for the growing population of
Rome and luxuries demanded by the
imperial court and the aristocracy.
Such imports were more readily han-
dled by ports to the south, such as
Puteoli and Ostia, the imperial port of

Rome. The port of Hercules, which
remained free of silt, was adequate
for the remaining local traffic. For
these reasons and others, by the end
of the first century B.C. the port of
Cosa had become a quiet backwa-
ter, reemerging only after about 75
years as the site of the elaborate sea-
side villa. That is what it remained
until its final decline, which (along
with the decline of the entire Roman
world) came in the third century A.D.

In looking back on the history of
the port of Cosa one is most im-
pressed by the site at its commer-
cial peak. The scale and vertical in-
tegration are reminiscent of much
more modern corporate structures:
goods manufactured at the port were

packaged there and shipped by the
same people who probably owned
the ships and controlled the harbor.
To provide the infrastructure for this
enterprise, some of the most ad-
vanced technology of the day (in par-
ticular the water-lifting apparatus)
had been imported. The overwhelm-
ing evidence is that the Sestius fam-
ily, if not directly responsible for
these developments, at least had a
major role in them. Although the his-
tory of ancient ports remains to be
written, it can safely be said that to-
day’s international trade has its ori-
gins in the energy of those such as
the Sestii, who brought forth from a
sandy beach and a freshwater spring
the port of Cosa.

WOOD BUCKET from the Cosa springhouse was reconstructed by John P. Oleson of the
University of Victoria in British Columbia. In the excavations one complete pine bucket
and pieces of six others were found. Each was 54 centimeters tall and held seven liters.
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Why sidespin helps the bowler—

and how to keep scoring strikes
P
ad

by Jearl Walker

heavy ball down a long, narrow

lane to topple pins standing in a
triangular array at the far end. The
ball hits some of the 10 pins, which
then crash into other pins in a chain
reaction, either directly or after re-
bounding from the side walls or the
rear of the lane. You score one point
for each downed pin. If all the pins
fall, the play is said to be a strike, and
you not only score 10 points but also
have a chance to win more points
after the pins are reset; in one frame,
or turn of play, you can win as many
as 30 points. If your first throw is
not a strike, on the other hand, you
have only one chance to down the re-
maining pins (getting what is called a
spare) before your turn is over. Clear-
ly the goal is to make a strike with the
first throw in each frame.

How should you throw the ball to
increase the odds of making a strike?
Many novice bowlers release the ball
near the center of the lane, sending it
along a straight line toward the fore-
most pin, the headpin. The shot is
haphazard because the pin is so far
away that aiming is difficult and be-
cause the action of the pins is seem-
ingly unpredictable. Still, the play oc-

In tenpin bowling you throw a

casionally produces a strike. A sea-
soned bowler often adopts a more re-
liable strategy, in which the release is
made along the side of the lane. The
aim is not toward the pins but rather
toward painted markers 15 feet down
the lane. In addition, the ball is given
a sidespin at the moment of release.
The ball appears to travel parallel to
the side of the lane for a short time
and then to hook suddenly toward
the headpin, approaching it at what
seems to be alarge angle. The target,
which is called the pocket, is the left
or the right side of the headpin.

Experienced bowlers continue to
claim that putting sidespin on the
ball greatly increases the chance of a
strike. They may be right. The game
is subject to so many variables, how-
ever, thatit is hard to verify the claim
experimentally. Instead I set out to
test its plausibility by answering
several questions theoretically. Why
does a sidespin yield a curved path?
Does the ball hook at some particular
point along its path? Why would an
angled approach to the pins increase
the chance of a strike? Is the angle of
approach as large as some bowlers
say itis?

The bowling lane is marked by a

————00' (noT To scale) —=

foul line beyond which the player
must not step when releasing the
ball. The headpin is 60 feet from the
line. The wood pins, each of which is
15 inches tall and no more than 3.6
pounds in weight, are numbered ac-
cording to their position; the headpin
is the 1 pin. The distance between the
centers of any two adjacent pins is
one foot. The horizontal cross sec-
tions of the pins are circular and their
maximum diameter is less than five
inches.

The ball, which may weigh up to 16
pounds and be no more than about
8.6 inches in diameter, normally has
three holes into which you insert
a thumb and two fingers. (Weights
inside the ball compensate for the
weight loss from the holes.) The sur-
face of the ball is plastic or a hard rub-
ber composition. To throw the ball
you first swing it toward the rear and
then, stepping briskly toward the
foul line, swing it forward in a pendu-
lum motion, keeping your palm be-
low and just to the rear of the ball. As
you reach the foul line you crouch,
sliding on the floor with one leg ex-
tended behind you so that the ball is
low. When the ball reaches the low-
est part of the swing, or slightly after,
yourelease it.

The lane, made out of narrow wood
boards, is 3!/ feet wide, bordered on
both sides by a channel. Part of the
lane is treated with an oily material
so that the ball initially slides along
the lane rather than rolling. How
much of the lane is oiled varies from
one bowling establishment to the
next. At my favorite place, Tuxedo
Lanes on the south side of Cleveland,
the first third of each lane’s length is
oiled, except for narrow strips along
the channels.

The curved path of the ball was
first investigated mathematically in
1977 by Don C. Hopkins and James D.
Patterson of the South Dakota School
of Mines and Technology. I shall sim-
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plify their treatment and also limit it
to the case of a right-handed bowler
who throws the ball directly forward
on the right side of the lane. At the
moment of release the fingers are
brought smartly upward on the right
side of the ball, giving it a counter-
clockwise spin. While the ball is slid-
ing down the lane it is subject to two
frictional forces. One force is rear-
ward, opposing the forward motion.
The other force, which is toward the
left, opposes the spin. The rearward
acceleration diminishes the ball’s for-
ward progress; the acceleration to-
ward the left moves the ball away
from the channel along which it ini-
tially slides.

Consider the ball from the perspec-
tive of the channel. If the bowler has
put backspin on the ball (as some
might do), the bottom of the ball has a
forward speed that is greater than the
speed of the center; otherwise it has
the same forward speed as the cen-
ter. For the ball to roll, the bottom of
the ball must have a rearward speed
that equals the forward speed of the
center. As the ball slides, the rear-
ward friction on the ball slows the
center and also slows and then re-
verses the speed of the bottom of the
ball. When the speeds are properly
matched, rolling begins.

A similar interplay of friction and
speed alters the sidespin. From a rear
perspective the bottom of the ball
moves rightward, whereas initially
the center of the ball has no motion
toward the left or the right. The fric-
tion resisting the spin slows it while
also propelling the center of the ball
to the left. When the speed of the bot-
tom toward the right matches the
speed of the center toward the left,
rolling begins. The change is simulta-
neous with the transition to rolling in
the forward direction.

During the sliding the combined
friction on the ball sends it leftward
along a parabolic path whose curva-
ture depends on the initial values of
the spin rate and the forward speed.
For example, a greater value for the
speed or a smaller value for the spin
rate decreases the curvature. At the
instant rolling begins, the ball leaves
the parabola along a tangent to the
curve, and thereafter it travels in a
straight line.

To determine the angle of this
straight-line roll, which is also the
ball’s angle of approach to the pins,
Hopkins and Patterson estimated the
forward speed and spin rate given to
the ball. They also chose a represen-
tative value for the coefficient of fric-
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tion, which is a measure of the sur-
face roughness and degree of lubrica-
tion between the ball and the lane. In
all their calculations the angle of ap-
proach was never more than three
degrees. Such a measly angle hardly
seems to justify the trouble of putting
sidespin on the ball.

I wondered if the angle was small
only because Hopkins and Patterson
assumed that the coefficient of fric-
tion was uniformly small throughout
the ball’s travel to the pins. [ toyed
with their equations, expecting to
find that the disappearance of the
oily preparation of the lane about a
third of the way to the pins might cre-
ate a larger angle. Perhaps when the
ball reached the “dry” part of the
lane, the sudden increase in friction
whipped the ball into a larger angle
of approach.

What I found surprised me: the an-
gle of approach is independent of the
coefficient of friction. Instead it is set
by the initial ratio of sidespin to for-
ward speed. (Backspin plays a minor
role.) If the sidespin is small or the
forward speed is large, the angle is
tiny. If the spin is large and the for-
ward speed is moderate, the angle
can be 10 degrees or even somewhat
more than that.

Although the coefficient of friction
does not influence the ball’s angle of
approach, it does determine where
along the lane rolling begins. If the
coefficient is large, the ball diverges
from a sharply curved parabola early
in its travel and so may end up to the
left of the pocket. If instead the coeffi-
cient is small, the ball diverges from
a mildly curved parabola late in its
travel and may end up to the right of
the pocket. (If the lane is fully oiled,
the ball might even reach the pins be-
fore it begins to roll.) Part of the skill
in bowling is knowing how to throw
the ball for your lane’s particular
coefficient of friction. That knowl-
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edge comes from practicing on the
lane before a match, adjusting your
throws until the ball hits the pocket
properly. The task is not easy, be-
cause with each play the ball carries
oil into the dry region, altering the
coefficient of friction there.

In retrospect these results are not
very surprising; indeed, they are
exactly in line with advice from pro-
fessional bowlers. If the ball hits the
pin array “low” (too far to the right)
or “high” (too far to the left), you
should adjust the speed and spin in
the launch to change the angle of
approach. Alternatively you can ad-
just your position along the width of
the lane to move the ball’s path left or
right. Or you can throw the ball to-
ward the left or the right instead of
straight ahead in order to rotate the
path around the launch point.

What accounts for the claims that
the ball hooks suddenly? The ball
can hook if it slides from an oily re-
gion of the lane to a dry one. The sud-
den increase in the coefficient of fric-
tion enhances the curvature of the
ball’s parabolic path, and the sharp
increase in the ball’'s direction of
travel toward the left is the hook. The
angle of approach is not altered by
the hook, however; a hook simply
causes the ball to reach that angle
sooner than it would otherwise.

If the angle of approach of a ball
thrown with sidespin is only three
degrees or so, does it actually in-
crease the chance of a strike? To an-
swer the question I decided to calcu-
late what the ball does after it hits the
1 pin. I first drew an overhead view
of the pin array with the aid of a
template having circular cutouts. Be-
cause the center of each pin is one
foot from the center of each adjacent
pin, the array forms an equilateral tri-
angle and so has 60-degree corners.
Within the array the pins form small-
er equilateral triangles.
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I simplified the collision by assum-
ing that it is too brief for friction be-
tween the ball and the pin to be im-
portant. (Certainly friction between
the cue ball and a numbered ball is
rarely important in pool.) I assumed
too that the collision is elastic (no ki-
netic energy is lost) and that the total
momentum of the objects does not
change. In short, I imagined that the
collision is like the collision of a large
hockey puck (the ball) and a smaller
puck (a pin), both pucks being on ide-
ally slippery ice. The ball was repre-
sented by a circle having twice the
diameter of a circle representing a
pin; otherwise the array was drawn
to scale.

Two angles are important in my
analysis [see illustration at upper left
on opposite page]. One is the angle
of approach by the ball. The second
angle is what I call the touch angle,
which is the angle from the front of
the 1 pin to where the ball touches
the pin, as measured around the cen-
ter of the pin. At the instant of the col-
lision the pin is propelled by a force
directed along a line connecting the
centers of the pin and the ball. Hence
the pin travels along a path thatis an-
gled from the forward direction by
the touch angle.

The collision deflects the ball from
its original direction of travel, away
from the direction taken by the pin.
The deflection angle (which I call the-
ta, 8) depends on the angle (called
phi, ¢) between the ball’s original ve-
locity vector and the velocity vector
imparted to the pin. A curve relating
0 and ¢ is shown below. To construct
the curve I assumed that the ball is
four times as massive as the pin. Note
that the maximum deflection of the
ball is slightly greater than 14 de-
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grees. (I shall gladly supply a copy of
the calculations for the graph.)

The collision between two pins
is easier to follow. At the instant of
a collision between pins the second
(initially stationary) pin is propelled
along a line connecting the centers of
the pins. The first pin is deflected in a
direction perpendicular to that line.
(The only exception to such perpen-
dicular deflection is when the colli-
sion is head on, in which case the
first pin stops.)

Armed with my graph and tem-
plate and a stack of photocopies of
the pin array, I explored what hap-
pens when the ball strikes the 1 pin
at various angles of approach and
touch. If you do the same kind of
analysis (either on paper, as I did, or
with a home computer), keep in mind
that the results are only suggestive,
because they ignore many practical
aspects. If a pin skips along the lane
after being struck, friction can redi-
rectit. If it lies down while moving, it
can sweep a large path clear of pins.
It may also fall to the lane and then
spin about a vertical axis, knocking
pins down. One pin might even col-
lide with another moving pin. In ad-
dition, unavoidable drawing errors
make the calculated path of a pin un-
certain after it has struck more than
one or two others.

To map the ball’s travel through
the pin array, first find its deflection
after it hits the 1 pin. Extending the
line of travel until the ball makes con-
tact with the 3 pin, draw the ball at its
point of collision. The pin’s direction
of travel is set by the line connecting
the center of the pin to the center of
the ball. The ball is deflected away
from the pin, with its direction of
travel changing by the deflection an-
gle, 6. To find 6 from the graph, meas-
ure ¢, the angle between the path
taken by the pin and the path of the
ball just before the collision. Then
draw the new direction of travel for
the ball. The procedure is repeated
each time the ball hits a pin.

Bowling textbooks describe a per-
fect strike as one in which the ball
hits only pins 1, 3, 5 and 9. The 1 pin
initiates a sequence of head-on colli-
sions in which pins 2, 4 and 7 fall,
while the 3 pin knocks down the 6
pin, which in turn knocks down the
10 pin. Once it is hit by the ball, the 5
pin drops the 8 pin. The fall of pins
along the left side of the array sug-
gests that the touch angle should be
between about 20 and 40 degrees,
with an ideal angle being 30 degrees,
because a line along the left side lies
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atan angle of 30 degrees from the for-
ward direction. With the touch an-
gle between 20 and 40 degrees, I cal-
culate that the 1 pin leaves the colli-
sion with as much as three times the
speed at which the ball leaves it.

Concentrating on touch angles in
that range, I investigated how varia-
tions of the angle of approach might
alter what the ball does after it hits
the 1 pin. If a nonzero angle of ap-
proach has any advantage, it should
show up in such an analysis. If it does
not show up, I would have to con-
clude either that putting sidespin on
the ball is irrelevant or that (contrary
to my experience in pool) the slight
friction between the objects in a hard
collision is somehow important.

If the angle of approach is zero, the
ball deflects into the right side of the
array when the touch angle is 20 or
25 degrees. If the touch angle is be-
tween 30 and 40 degrees, the deflec-
tion of the ball by the 1 and 3 pins is
so severe that the ball never pene-
trates the array. When the touch an-
gle is between 35 and 40 degrees, the
ball slants off rather sharply—in my
calculations actually leaving the ar-
ray before reaching the 10 pin, which
remains standing. Bowlers describe
the ball as taking a strange right-
ward bounce off the array, as if the
array were a wall. The large deflec-
tion provides a distinct disadvan-
tage; a strike is more probable if the
ball, big and massive, bullies its way
right through the array.

Suppose the angle of approach is
three degrees. Then at all touch an-
gles between 20 and 40 degrees the
ball does penetrate the array on the
right side. Although the angle of
approach is only modestly different
from the preceding example, the re-
sults can be dramatically different.
The advantage of sidespin leading to
an angled approach is that penetra-
tion is guaranteed for any touch an-
gle that downs the left side of the ar-
ray in textbook fashion. Penetration
is even more pronounced for larger
angles of approach. If the angle is 10
degrees, the strike is precisely the
textbook example. To throw a text-
book strike, then, you should launch
the ball with moderate forward speed
and high sidespin, adjusting your
throw to lane conditions until the
ball repeatedly touches the 1 pin at
an angle of about 30 degrees. Even if
you err somewhat, the strong pene-
tration of the ball into the array and
the complicated pin movements I
have neglected will very likely still
give you a strike.



Following the ball on paper reveals
another reason for not throwing the
ball straight down the lane. If the ball
hits the 1 pin at a touch angle of zero,
the 7 and 10 pins will probably re-
main standing as the ball plows di-
rectly through the center of the ar-
ray. To knock down the 7-10 “split”
with a second throw is almost impos-
sible. Some other difficult spares are
at least feasible. Consider the spare
with pins 6, 7 and 10. Bowling guides
state that the ball should hit on the
right side of the 6 pin, sending the pin
into the 7 pin; the ball goes on to take
out the 10 pin. Indeed, I find that with
a touch angle of about 70 degrees on

Lines parallel
to long axis
of alley

Approach

path L,
of ball Velocity
after
collision

The ball’s collision with the 1 pin

Velocity and
path direction of pin

the 6 pin, the 7 pin is neatly eliminat-
ed. The collision on the 6 pin actually
need not be that accurate if the pin
falls and sweeps a wide path as it
travels across the lane.

A wealth of material remains to be
explored with a pencil-and-paper ap-
proach to bowling. You might inves-
tigate the “backup ball” throw, in
which the ball approaches the 1 pin
high and then curves back into the
left pocket between the 1 and 2 pins.
There are also hundreds of spares to
consider. How should each of them
be played in order to knock down all
the pins?

Details about the ball also raise per-

B

“Velacity
before
collision

The path when the angle of approach is three degrees
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plexing questions. Having hit the 1
pin, the ball must slide until it begins
rolling again. How does the friction
on the ball during the slide change
its direction of travel? (I suspect that
the friction reduces the angle of de-
flection.) Does the nonuniform distri-
bution of mass in the ball influence
its motion? Does its large mass make
it a gyroscope that resists redirec-
tion? Granted that a theoretical ap-
proach to bowling is limited because
of all the variables involved in a real
game, the analysis is still rewarding if
it helps you to understand even ap-
proximately why the ball and the
pins do what they do.

The path for a 10-degree angle of approach

113



COMPUTER
RECREATIONS

A home computer laboratory in which balls
become gases, liquids and critical masses

by A. K. Dewdney

box full of balls flying in all di-
Aections, hitherto only a men-
tal model for physical matter,
can now be viewed on the screen
of a home computer. With a modi-
cum of programming effort readers
can witness the molecular collisions
that produce pressure within a cylin-
der or cheer on the random jostling
of differently colored molecules as
one liquid diffuses through another.
Those undaunted by the prospect of
a nuclear explosion in their comput-
er can even play with critical masses
of the unstable solid I call gridium.
The inspiration for this month’s
excursion comes from James F.
Blinn, an affable researcher at the Jet
Propulsion Laboratory in Pasade-
na, Calif. Blinn has developed simu-
lations of various physical systems.
The simulations have been gathered
into a rather funny, laconically nar-
rated videotape titled “The Mechan-
ical Universe.” Two of Blinn’s simu-
lations that caught my eye as poten-
tial subjects for this department were
charming animations of a gasdilled
cylinder and a diffusion chamber.
In the first case a few dozen balls

bounded and rebounded within a
two-dimensional cylinder, driving a
weighted piston into a state of jittery
equilibrium. In the second case balls
of two different colors bounced back
and forth within a fixed enclosure;
at first the two colors were separat-
ed, but as the balls moved about in
Brownian fashion, the two colors
became thoroughly mixed. The third
simulation to be described here, the
nuclear explosion, is my own entry.
The idea springs from the primitive
wish to watch a matrix explode.

The few hours it may take to cre-
ate a working model of the program I
call BOUNCE will be well repaid by
the sight of a weighted piston com-
ing into equilibrium with a cloud of
bouncing balls. In Blinn’s simulation
the balls bounced off one another,
but a much simpler and equally effec-
tive program can be written if the
balls ignore one another and bounce
only from the walls of the cylinder.

The user of BOUNCE may specify
both the speed of the balls and their
number. The position assumed by
the piston follows the so-called ideal-
gas law: PV « T, which is to say that

As the temperature rises the volume increases in James F. Blinn’s simulation
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the product ofthe pressure P and the
volume V of a confined gas is propor-
tional to its temperature 7. The mo-
lecular speed specified by the user
amounts to selecting a certain tem-
perature, and the weight of the piston
determines the pressure. What vol-
ume will result? The answer can be
seen clearly on the screen [see illus-
tration on this page). The higher the
temperature of the gas rises, the
higher the piston goes up.

There is some value in following
the path of a single bouncing ball
before tackling a multitude. Consid-
er, then, a box drawn on the display
screen of one’s computer. The box,
50 units on a side, contains a ball
somewhere within it. Because the
demonstration lies in the plane, the
ball has two coordinates of position,
say x and y. It also has two coordi-
nates of velocity, v, and v,. In a short
period of t time units the ball will
move from the position (x,y) to the
position (x+ t-v,, y+ t-v,).

The piston cylinder that is drawn
by BOUNCE, also two-dimensional,
has three fixed walls defined by the
lines x=0, x=50 and y=0. A fourth
wall represents the piston. Its line
has the equation y=h, h being the
current height of the piston. No ball-
animation program can escape the
need to discover if and when a given
ball will collide with one of the walls.
BOUNCE does this by testing the cur-
rent direction of a ball against each of
the four equations: where does the
direction line intersect each of the
four wall equations? The left half of
the bottom illustration on page 116
provides the answers.

In each case the tvalue listed gives
the time (from the present) at which
the ball will strike the wall in ques-
tion. The actual point of impact is
computed by substituting the t value
into simple position formulas. If the
t value happens to be negative, it
means that the ball, continuing in its
present direction, will never strike
the wall because it is currently mov-
ing away from it. If the t value is infi-
nite, one of the ball’s velocity coordi-
nates must be zero. Here too the ball
will never strike the wall. Naturally
BOUNCE skips the computation of a t
value if thatis the case.

The wall that has associated with it
the smallest nonnegative t value is
the one the ball will strike first. That
value of t can be used to calculate the
actual point at which the ball will
strike the wall. Again a small table
comes in handy [see right half of bot-
tom illustration on page 116].

Most simulation programs exploit



one of two possible techniques for
advancing the imaginary timepiece
known as the simulation clock. The
time-slice technique advances the
clock by a small fixed increment,
updating appearances in a uniform
manner. The critical-event technique
advances the clock to the next event
of interest. Readers may remember
the star-cluster simulation program
featured here in January, 1986. The
cluster’s entire appearance was up-
dated by using a time slice of just
a few years. BOUNCE more natural-
ly employs the critical-event method,
where an event is said to take place
when a ball bounces off a wall.
Crucial to the critical-event ap-
proach is an array called event. If
BOUNCE is juggling n balls, it must
know which ball will strike a wall
next. The array is actually a priority
queue. Here is how BOUNCE operates:

repeat
1. get time, ball and wall from
event(l)
2.update system by time
3.determine nextevent for ball
4.insert time, ball and wall in event
5. display the system in new state
until key

The cycle of five steps will be repeat-
ed until the home computer scientist
presses a key; the December 1987
column on special effects outlines
the use of keys for this purpose.

Step 1 is fairly simple. The event
queue actually consists of three ar-
rays: event stores the times to the
next events in the order of their oc-
currence, an array called ball stores
the index of the balls that correspond
to these events and another array
called wall stores the corresponding
walls. For example, event(2) holds
the time until the second event and
ball(2) contains the number of the
ball b involved; wall(2) stores the
number of the wall w, which takes
on one of the four values, 1 (x=0), 2
(x=50), 3 (y=0) or 4 (y=h). Step 1
thus includes three instructions to
place the three items of information
in variables t, band w.

Step 2, updating the system, means
changing the position of all the balls
in the box. This can be done within a
loop of the following form:

fori—1lton

X(1) — x(i) + t+ v(i)

W) — WD)+t (i)
if w=1or w=2then v(b) —-v/(b)
if w=3 or w=4then v(b) —-v/(b)

Readers will recognize the position

formulas introduced above. There is
no danger that any of the balls will
end up outside the box because the
one ball that comes closest is only
at a wall, not through it, by time ¢t
The two if-then statements handle
the bounce of ball b. If the ball strikes
either of the two vertical walls, its x
velocity is reversed; a bounce on a
horizontal wall means that the veloc-
ity coordinate in the y direction must
be reversed. Updating the system
also means decrementing all the
times stored in the array event. Here
BOUNCE merely subtracts t from each
array entry.

I have already described step 3, the
determination of the next event for
ball b, implicitly; now I shall describe
itin more detail:

if v(b)=0 then t, — 5,000
t, — 5,000
else t, ——x(b)/v/b)
t —(50-x(b))/v{b)
if v(b)=0 then t; — 5,000
t, — 5,000
else t; ——y(b)/v,(b)
ts —(h=Y(b))/v(b)

The time-to-impact for ball b and
each of the four walls is encoded in
four variables, t, through t,. The un-
reasonable value of 5,000 is assigned
to any of the four variables if ball
b, continuing in its present direction,
would never strike the correspond-
ing wall. A computational sieve then
serves to isolate the next wall to be
struck by ball b. First BOUNCE sets tto
5,000, then it tests each of t, through
t, in turn. The test has three parts: if
t; is less than ¢ if ¢, is greater than O
and if wall(b) is not equal to i, then
the program replaces the current val-
ue of tby t,and replaces wby i.

In step 4, BOUNCE refurbishes the
event queues. The main task is to
find where in the queues the next

O

A schematic of a pressure cylinder

bounce of ball bbelongs. That s easi-
ly accomplished:

k2

while event(k) < t
event(k—1)— event(k)
ball(k — 1) — ball(k)
wall(k — 1) — wall(k)
k—k+1

event(k—1) <t

balllk-1)—b

wall(k—1) —w

Here BOUNCE searches through the
event queue to find where ball b now
properly belongs. As it searches it
shifts items in all three arrays one
cell to the left. As soon as it finds a
cell k in which event(k) is not less
than ¢, it is obvious that the time to
the next impact of ball b belongs in
the preceding cell, k. (When the balls
in the cylinder are given their initial
positions and velocities, the event
queue must also be set up. To avoid
programming effort, the positions
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A sample of gridium before (left) and after (right) a chain reaction

and velocities can be selected by
hand and the event times worked
out. The initial event-queue entries
can then be typed in.)

The final step requires BOUNCE to
display the box and all the balls in
their current positions. This straight-
forward operation must be supple-
mented by erasing the balls in their
previous positions, of course.

To get started, BOUNCE asks the
user to type in a speed at which the
balls are to travel. If the variable is
called v, the program then selects n
random numbers between —v and v,
placing these in the x-velocity coordi-
nates v,(i). The y velocities are then
calculated by means of the Pythag-
orean theorem, namely the square
root of v¥— v¥i). Readers may want
to try various values of vin the range
from 1 through 10.

Those who write BOUNCE will natu-
rally want to watch the weighted pis-
ton move up and down in response
to intermittent pressure from within
the cylinder. For this purpose, step 2
must include a calculation that sub-
tracts the downward movement of
the piston due to gravity from the up-
ward movement of the piston due to
the transfer of momentum from one
ball. The resultis a new h.

For the sake of simplicity the inter-
action of the balls with the piston has
been distorted to the point of chica-
nery. In time t the piston falls t*/100
units. When a ball with y velocity v,
strikes the piston, the piston moves

up v,/100m units. My apologies to
physicists, but it works! Users of
BOUNCE must, of course, input the
mass m of the piston, as well as the
number of balls, n, and their speed, v.

The diffusion program I call BLEND
treats the molecules of a liquid as
balls that are able to move only one
step horizontally or vertically at a
time. A 31-by-31 array called tank
holds 930 balls, which are set up
initially somewhat like a checkers
game. BLEND is even less realistic
than BOUNCE but it too works. The
balls in the left half of the box are col-
ored red and those in the right half
are colored gray [see bottom illustra-
tion on preceding page].

BLEND proceeds by selecting an ar-
ray position at random, then select-
ing a random adjacent position. If a
ball occupies the first position and no
ball occupies the second, the ball is
erased at its current position and re-
drawn at the new one. If a ball is ab-
sent at the first position or present at
the second, BLEND could not care less.
With microseconds of time on its
hands, a movable ball will sooner
or later turn up. How long will it take
for the two stylized liquids to diffuse
completely? No detailed algorithmic
description accompanies this recrea-
tion. Readers are left to their own de-
vices: hardware and mindware.

With unholy haste I have rushed to
the matter of gridium, a violently un-
stable element. One atom of the stuff
spontaneously decays, shooting off

WALL t VALUE WALL POINT OF BOUNCE
1: x=0 t1: -x/vy 1: x=0 O, y+ t]-vy)
2: x=50 ty: (50-X)/vy 2: x=50 (50, y + trev))
3: y=0 t3: -y/vy 3: y=0 (X + t3°vy, 0)
4: y=h tg: (h-)/vy 4: y=h (X + tgovy, h)
Tables for computing the time (left) and place (right) of collisions
116

© 1988 SCIENTIFIC AMERICAN, INC

a neutron in the process. I am re-
minded of a famous demonstration
by Walt Disney; the great man once
filled a high school gymnasium with
cocked mousetraps. Each trap held
a Ping-Pong ball resting on the snap-
ping arm normally meant for crush-
ing rodents. With a mischievous grin,
Disney threw a single Ping-Pong ball
into the gymnasium. Within less than
a second the air was literally filled
with thousands of balls and there
was a strange roar. This was proba-
bly the safest chain reaction ever.

Gridium happens to be a crystal. Its
atoms are arranged like balls in a
square matrix measuring n+1 balls
on a side. On a signal from the reader
the central ball decays, producing a
single neutron that zips along a ran-
dom line through the matrix. Anoth-
er ball will decay if it is struck by the
neutron. Will a chain reaction ensue?
If the matrix is small, the reaction will
most likely be a dud. But larger matri-
ces are increasingly likely to go off
with a silent roar [see top illustration
on this page). How much larger? That
is for the home experimenter to dis-
cover. There can be little doubt that
even a microcomputer would have
vastly relieved the work load at Los
Alamos in 1944.

This department has no military
secrets. I shall be pleased to report
values for the critical mass of grid-
ium as discovered by readers brave
enough to try the experiment. The
program I call BOOM uses an array
called grid. Because most readers do
not have variable array dimensions
available to them, I have decided to
make grid 50 by 50. When the user
types in a value for n, BOOM will auto-
matically limit its considerations to
the first n rows and columns of grid.
These will contain the atoms, one per
cell in the region. For purposes of
both display and calculation, atoms
of gridium have one-unit radii and
six-unit spacings. It is convenient to
regard the atom at array position (i,j)
as having coordinates (61,6j).

When an atom of gridium decays,
BOOM selects a random angle a and
calculates the sine and cosine of that
angle, storing the values in the vari-
ables s and c. If the decaying atom
has coordinates (x,y), the point and
the angle together determine a line.
The key question is, “How close does
the line come to another atom having
coordinates (u,v)?” The answer is
given by a formula, (1—-x)?+(v-y)* -
[(u=x)sc+(v—y).s>. The formula
represents the square of the distance
between the point (u,v) and the clos-
est point to it on the line in question.



Rather than bothering with taking
the square root of the resulting num-
ber, BOOM merely checks whether
the number is less than or equal to 1.
If it is, the atom at (u,v) must under-
go fission.

Every time an atom in grid thus ex-
plodes, BOOM enters a loop that sys-
tematically plugs all n* coordinates
into the variables u and v, omitting
the exploding atom. All atoms that
must undergo fission next are added
to a list in the form of an array called
fire. An index called fired separates
those atoms already fired from those
yet to fire. A second index called end
marks the end of the list. Every time
a new atom explodes, all the atoms
intersected by the neutron path are
added to fire, the index end being in-
cremented each time. When all such
atoms have been determined, fired
is incremented and the cycle is re-
entered. When fired equals end, the
common value of these indices tells
the number of atoms that took partin
the chain reaction. For what value of
n will the entire matrix blow up? The
statistical fluctuation in the answer
will not be much.

Because of space limitations, this
description of BOOM must suffice. It is
possible to install a display routine
within BOOM, but it is not necessary
to undertake such an effort to find
the answer. I shall endeavor to pub-
lish the most interesting picture of a
partially blown-up matrix sent to me,
however. It will represent a value of
nvery close to the critical mass.

Copies of the videotape “The Me-
chanical Universe” can be obtained
by calling the toll-free number 1-
800-LEARNER. For information about a
newsletter by the same name, read-
ers should write to “The Mechani-
cal Universe,” California Institute of
Technology, Pasadena, Calif. 91125.

Est November this department re-
visited the Mandelbrot set and in-
troduced a myriad of its cousins, all
called Julia after the French math-
ematician Gaston Julia, a leading
investigator in dynamical systems.
Programs that generate Julia sets are
as simple as those that produce the
Mandelbrot set. Consequently hun-
dreds of readers, perhaps even thou-
sands, have now written programs—
or would like to. Those who would
like to pursue the subject further
may want to subscribe to the fractal
newsletter (in subject, not appear-
ance) called AMYGDALA. 1t is filled
with numerous programming hints
for producing Mandelbrot and other
fractal sets. The newsletter also con-

tains addresses of programmers will-
ing to share or sell software. Interest-
ed readers may write to the publish-
er, Rollo Silver, a Mandelbrot aficio-
nado who can be reached at Box 219,
San Cristobal, N.M. 87564. Silver also
has slides for sale.

At the end of the November col-
umn I displayed a three-dimension-
al monster that was actually a cross
section of a four-dimensional Man-
delbrot set. Heinz-Otto Peitgen, the
West German mathematician and art-
ist, has revealed the prescription for
the four-dimensional set. Iterate the
equation z« z®*-3a*z+b, where a
and b are both complex parameters.
What points play the special role of
z=0 in the four-dimensional set? Ac-
tually two candidates appear, name-
ly z=+a and z=-a. There are conse-
quently not one but two four-dimen-
sional Mandelbrot sets.

Gary Teachout of Everett, Wash.,
writes that he views the Mandelbrot
and the Julia sets as cross sections of
a four-dimensional set, although his
four-dimensional set does not corre-
spond to either of Peitgen’s. The ba-
sic iteration formula, z— Z*+ ¢, pro-
duces a Mandelbrot set if z remains
fixed and c is varied. It produces a
Julia set if c is fixed and z is varied.
But z and c together define four di-
mensions, two for each number. By
“stacking” together all the Julia sets,

not in a one-dimensional pile but in
a two-dimensional pile, the superset
emerges. M. G. Harman of Camber-
ley, England, speculated on the exis-
tence of the same object.

The four-dimensional prize for ini-
tiative goes to Winston D. Jenks of
Stamford, Conn. Not content with or-
dinary complex numbers, Jenks has
invented his own, four-part numbers.
His numbers are similar to quaterni-
ons, a sophisticated set of numbers
invented by mathematicians in the
19th century but used today by phys-
icists. Jenks has sent me a three-di-
mensional representation of his solid
as a sequence of 29 slices through it.

Of course, readers who want to
generate images of the Mandelbrot
set also want to save time in doing so;
besides images, the iteration process
has produced many chewed finger-
nails. Dick Holt of Silver Spring, Md.,
has found that he can increase speed
8 percent by avoiding the squaring
routine of his programming system.
Multiplication (x times x) works faster
than squaring (xsquared).

Finally, the illustration below is an-
other addition to the ongoing Man-
delbrot gallery. The image was sent
by James E. Loyless of Lilburn, Ga.
His equipment sounds like an Indian-
apolis 500 car: an “XT turbo clone
with an 8087 math coprocessor and
aToshiba 321 24-dotprinter.”

James E. Loyless’ addition to the Mandelbrot gallery
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BOOKS

Tigers at bay, super-rice, incompetent cells,
dancers and bullets, shatter cones

i

by Philip Morrison

TIGERS OF THE WORLD: THE BIOLO-
GY, BIOPOLITICS, MANAGEMENT, AND
CONSERVATION OF AN ENDANGERED
SPECIES, edited by Ronald L. Tilson
and Ulysses S. Seal. Noyes Publica-
tions ($64).

The tiger in the forests of the night
and the human afoot by day are alike
recent creatures, both framed from
ruder forms during the past two
million years. The fossil record, the
biochemical studies of DNA hybrid-
ization and electrophoretic analysis
of soluble-protein mobility leave no
doubt concerning the date. The five
extant tiger subspecies (three have
fallen to extinction in this century)
emerged more recently still; like the
races of humankind, they have been
distinct for only some 10,000 years.

The oldest form and the most dis-
tinctive in cranial character is the
South China tiger: it is quite surely
the stem population. Although 1986
was the Year of the Tiger, there were
only 30 or 40 South China individu-
als left in the wild; a somewhat larg-
er number are in the zoos of China.
Only two China tigers are known to
be alive outside the country; they
live in the Moscow zoo. The China ti-
ger’s enemy is the armed and expert
poacher, anxious for the body parts
that symbolize strength and courage:
tiger bones for medicinal wine fetch a
high price.

The China tiger is the smallest of
the subspecies. The Amur tiger of Si-
beria and northern Korea is the larg-
est. Some 400 of them live in the wild;
about the same number are kept in
zoos around the world. So the count
goes; only small, fragmented popula-
tions of the big cats remain.

India is to a degree an exception.
The Bengal tiger is in some ways the
symbol of the entire Indian subconti-
nent, older and deeper in meaning
than even the Sanskrit myths them-
selves. During the 1970’s India saw
the establishment of a dozen protect-
ed tiger reserves; on the subcon-
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tinent what they call Project Tiger
is off to a hopeful start. The census
claims that about 1,000 animals live
on those reserves; about 3,000 more
inhabit other wild areas. That count
is tenfold lower than the pre-World
War II population. Or is it? A sharply
critical chapter presents persuasive
empirical evidence that the historic
count, which depends on the claim
that managers can identify individ-
ual animals from their pugmarks, is
seriously optimistic. Still, it seems
unlikely that the population of 2,000
interbreeding animals per subspe-
cies can persist. The number is criti-
cally important: a smaller population
cannot maintain the genetic diver-
sity that long-term survival requires.
The Bengals seem too fragmented to
make it on their own, although there
are stocks in India, Nepal, Bangla-
desh and Burma.

A tiger needs a few square miles
of thriving forest to support its big
hoofed prey; protected reserves as
big as Connecticut are hardly to be
found. Tiger and human together are
in crisis; the next century will tax
them both, until perhaps one day the
pressures on wild lands will lessen.
Meanwhile wild stocks must be scru-
pulously managed, mixed and even
bolstered with animals bred in cap-
tivity; to do all that human beings
need to know much more than they
now do about tigers.

Long ago the big cats took pri-
mates, including our early hominid
forebears, as prey. The existing sub-
species of hominid and feline have
learned to coexist; human beings are
not good game for tigers. Yet there
smolders still a kind of low-intensity
hunting; the best accounts of the con-
flict come from the big delta of the
Ganges, the multitude of low stream-
braided islands that form the shore
between Calcutta and Dhaka along
the Bay of Bengal. That wild, watery
terrain is covered by the largest man-
grove forest in the world. Home to
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several hundred tigers and many
deer and pigs, itis visited by men and
women who gather firewood, fruit
and wild honey.

Each year both tigers and humans
die, scores of them, usually more hu-
mans than tigers. Most humans die in
the bite (usually applied to the right
nape) of big males that have made a
specialty of man-killing, perhaps one
tiger among 100. One animal in 10 is
an opportunistic predator of humans,
led to the hunt both by increasing fa-
miliarity with the prey and by the
availability of victims, most of whom
are taken during the honey season.
Understandably the delta’s people
claim a prior right to protection. Proj-
ect Tiger in the Indian sector of the
Sundarbans has undertaken a “reso-
lute and imaginative” campaign to
reduce man-killing indirectly by the
use of electrified fences and even
of clay dummies costumed in old
clothes, necks wrapped with electric-
shock wires (fused against fatal
shock). Eleven dummies have been
attacked, all in the buffer zone out-
side the core of the preserve. Human
deaths there have fallen since 1981
from about 40 a year to only 20.

The 46 papers in this volume are
the vyield of a 1986 symposium.
Big-cat specialists from laboratory,
museum, zoo, field and even lobby
wrote them. The documents are di-
verse in every way, but the focus is
so clear, the organizers and editors
are so involved in the task and the
common concern is so strong that
the book is a model among such re-
ports. Here is tiger zoo diet, white-ti-
ger mutants, tiger reproduction, an
antibiotic cure for the “tiger disease”
and many plans and proposals.

There is even some good writing.
John Seidensticker is a widely trav-
eled zoologist from the National Zoo
in Washington, D.C. He evokes no
merely numerable, genetic tiger but
the wild, fearful Tyger itself. “When
the water drains off the higher
ground with the ebb and steel-gray
mud banks are exposed and shim-
mering under a scorching mid-day
sun, the place to look for a tiger is in
the shade at the mouth of small, side
khals. And if you are truly fortunate
you see it: head raised, lying half-
submerged, intently watching as you
slip by in the launch—a classic Sun-
darbans tiger.” One is glad for the
light of day.

GLOBAL ASPECTS OF FOOD PRODUC-
TION, edited by M. S. Swaminathan
and S. K. Sinha. International Rice Re-
search Institute and Tycooly Inter-



national, Oxford, Riverton, N.J., and
Dehra Dun (paperbound, $24.50).

" Three curves wiggle across the
graph field. What they trace is per
capita food production in Asia, Latin
America and sub-Saharan Africa (FAO
data) from the early 1960’s to 1983.
Malthus finds no support here; two of
the graphs climb steadily, Asia up 20
percent. Only the African line amidst
drought and civil wars dips sadly
and steadily downward. On the same
page real rice prices are also plotted;
Indian and Indonesian consumers
have had the satisfaction of seeing
the price of their staple fall by one-
third or more in the past 15 years.

This volume, consisting of 18 ex-
pert chapters, examines the task of
feeding the world in the decades
ahead—the tag end of this century.
Its editors are a crop geneticist and a
plant physiologist. The senior editor,
M. S. Swaminathan, is the current di-
rector general of the International
Rice Research Institute near Manila;
Professor S. K. Sinha works in New
Delhi. The staff of the IRRI stands
among those who have caused two
blades—better, two heads—of rice to
grow where one grew before. Twen-
ty years ago when dwarf rice strains
from Japan and Taiwan were suc-
cessfully crossed with a tall Indo-
nesian variety, the first semidwarf
lodging-resistant offspring showed
high yields. That richer paddy suf-
fered more than its ancestors did
from weeds and pests. The newer
strains are widely resistant. They re-
pay added inputs of fertilizer, pes-
ticides and water generously; they
also give more grain and less stem
even to a poor farmer who cannot
afford modern methods.

Director Swaminathan submits a
concise balance sheet for the Green
Revolution in rice; he grasps the sys-
tem as a whole, eschewing mere tab-
ulations of yield per hectare. In fact,
he directs attention—this alliteration
must be well known around the IRRI
these days—to five domains: eco-
nomics, equity, employment, ener-
gy, ecology. It is engaging to read
that the first important benefit of all
was the generation of self-confidence
among farmers and among the peo-
ple who worked with them; ‘“this
is a great gain,” one easily ignored
among the tables of data.

A global overview is helpful to a
reader far from green fields. Al-
though the problem is not uniform,
we must depend on understandable
if sometimes misleading aggregates.
About four-fifths of what people eatis
cereal and the other produce of farm

fields; waters and rangelands con-
tribute the remainder, each in equal
proportion. On the global average,
two of us now share one ton of grain
equivalent per year; that covers a
range from about one ton for each
person in the developed world to one
ton per five or six people in the least
developed countries. Only a fraction
of that difference is in human calorie
intake; most of the spread represents
the costly feeding of animals for indi-
rect nutrition here in the affluent and
indelicate meat-eating world.

Our youthful global population,
now five billion strong, will certainly
continue to grow in size; maximum
primary production should be able
within 50 years’ time to feed the an-
ticipated complement of eight billion
diners a more than ample diet of one
ton per head per year. To do so will
require a 50 percent increase in ara-
ble land and a doubling of yield. That
seems plausible, presuming modest
land cost and an improved increase
in yield. The facts support the yield
side of the picture. A table of best per-
formances shows grain production
tripling in the Punjab within 10 years,
to be sure the most remarkable rec-
ord of all time. (India now holds a ma-
jor reserve grain stock.) Average
yields expected under high-input but
affordable conditions today are more
than three times the present value
worldwide. More likely, annual take
will remain distinctly smaller than
one ton per head, but the much im-
proved world diet need not imitate
the beefy luxuries of land-rich North
Americans.

The chapters of this collection take
up question after question. A few
of the details are illuminating. In-
creased market demand for food
before 2000 will come more from
the increasing income of poorly fed
consumers in many countries of the
developing world than from popula-
tion growth. The norms that define
human nutritional needs are them-
selves crude aggregates. A table lists
the energy intake of nearly 30 young
adult women, each of whom regu-
larly prepared 500 to 600 chapati
during an intense day’s work in a
community kitchen near Poona. The
woman with the highest measured
intake needed about 2,500 calories a
day; two others managed with less
than 1,600 calories, the lowest in-
take measured. There was little cor-
relation between intake and body
weight, nor did members of the
group gain weight on the job. They
had been among ‘““the poorest of the
poor” and were now guaranteed
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enough to eat. Yet we know from Ja-
pan that people there grew taller as
over decades their diet improved.

More commercial energy input is
inescapable if yield is to increase.
The Indian experience documented
here demonstrates its power. Over a
period of 20 years the commercial
energy input rose from very little to
a sizable amount. By the 1980’s the
investment earned three times as
much sunfed crop energy as the en-
ergy spent each year, all that hydro-
power and crude oil amplified and
rendered good to eat. The prospect
does raise real questions for nations
worried about paying for imported
oil; yet the amount of energy devot-
ed to farming globally would hardly
amount to as much as 5 percent of to-
tal energy use, not much more than is
spent for cooking (worth it for our
daily bread).

The industrial fixation of nitro-
gen will continue to increase rapidly,
even if in the long run engineered
nitrogen-fixing bacteria might be
induced to dwell at the cereal roots.
No decentralization of efficient large-
scale nitrogen fixation seems to lie
ahead. One remarkable little truck-
borne plant, however, has been de-
veloped to fix nitrogen from the air at
large-farm scale, using an electric arc
fed by a solar panel.

The epidemiology of crop diseases
is being approached at a newly so-
phisticated level. Control need not
be obtained by the brittle scheme of
evading pest strains until one or
another selected enemy bursts out
anew. Rather, a wide set of infecting
strains are kept under control simul-
taneously by a host plant that sup-
ports only a lower rate of disease
spread, say by allowing fewer fungus
colonies on any leaf. Many genes, not
one, are usually involved.

The special circumstances of some
farmers are not ignored: chapters ad-
dress the saltiness of irrigated farms,
desertification and control of insects,
from locust swarms to aphids. We
are getting steadily better at meeting
most of these challenges.

Global ecology may move toward
center stage in a few decades. One
unsolved issue is urgent: although a
world grain stock of 300 million tons
is on hand, 500 million people and
more go hungry every day (as the
streets of your own city may exhibit).
Equity and compassion say there is
much to be done beyond production
for the market. All the same, give the
optimistic director general the fi-
nal word. He writes from developing
lands with modest reserves and very
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many at table: “We live in this world
as guests of green plants and of the
farmers who cultivate them. If farm-
ers are helped to produce more, agri-
culture will not go wrong. If agricul-
ture goes right, everything else will
have a chance for success.”

The publishers have made this in-
ternational book inexpensive, attrac-
tive and prompt; inadequate copy
editing leaves the reader with quite a
few small puzzles.

MICROCOSMOS, by Jeremy Burgess,
Michael Marten and Rosemary Tay-
lor. Cambridge University Press
($29.95). STOPPING TIME: THE PHO-
TOGRAPHS OF HAROLD EDGERTON,
text by Estelle Jussim, edited by
Gus Kayafas. Harry N. Abrams, Inc.,
Publishers ($35).

A generous new visual anthology
of the microcosm spreads before us
some 300 large photomicrographs il-
luminated by clear captions. This is
the treasure trove of all the microsco-
pies, images made through the light
microscope, under the depth-reveal-
ing scanning electron probe or by the
transmission electron microscope’s
perusal—with its coherent beam—of
those airily thin specimens the de-
vice requires. All three instruments
are here engaged with tiny samples
of the world at large: the cells and tis-
sues of the human body and all the
kingdoms, animal, vegetable, miner-
al and metallic, as well as many ev-
eryday materials and industrial sam-
ples. The expert compilers include
an electron microscopist and two
London photo librarians; these au-
thors have both combed the rich ar-
chives and made new images. Two
specialists, Mike McNamee, the ma-
terials engineer and microscopist,
and Rob Stepney, a medical writer
and photographer, contributed en-
tire chapters.

Theré are other good collections
of the kind; this volume is the wid-
est and most attractive compilation
made so far. It offers wonderful im-
ages to admire and to pore over. One
big page shows an image made by a
scanning electron microscope (SEM)
of the hundreds of tiny elongated
bumps pressed into a plastic CD that
store a split-second part of Mozart’s
40th Symphony. Those bumps en-
larged a thousandfold are rigorous-
ly aligned along a tight spiral: a gap
one micron wide separates succes-
sive turns. The variable lengths and
spacing of the bumps along that pre-
cise spiral path encode the delicious
music. The bumps are read out by
IR reflection from the aluminized
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mirror surface as almost a million
of them spin past the scanner every
second. The disc is an artifact of won-
derfully controlled intricacy, even
though it is only a static structure
and not metabolically alive as is the
typical silicon chip. On the opposite
page a scratch that mars an LP record
looks when magnified sixtyfold as
gross as itsounds.

In another chapter there is a grim
but exemplary image in black and
white. It is an SEM scan that evokes a
fully three-dimensional tissuescape,
magnified about 1,000 times. We see
some 50 plump human cells at the
surface of a tiny cancer of the human
bronchus, the disease fatal to so
many smokers. Disorganized, these
thriving malignant cells, their primi-
tive surfaces smooth and bare, seem
to be shouldering their heedless, in-
competent way among the normal
cells, whose furry surfaces bristle
with functional hairlike cilia that
move rhythmically to cleanse dust
and bacteria out of the innermost
cavities of the lung. One can all but
hear arasping cough.

Another photograph, made by a
high-resolution, high-voltage trans-
mission electron microscope, shows
six atoms of uranium arrayed in a
neat hexagon around another central
uranium atom, the entire assembly
ensconced within a minute micro-
crystal of the compound uranyl ace-
tate. The 100-odd light atoms that
complete the crystal structure do not
scatter the electrons of the beam
enough to show. It is a fine image
at the uncommon magnification of
120 million, although its bright colors
are merely computer-made, a showy
mapping of photographic density, no
more meaningful than was the red
on the map of that empire on which
the sun never set. The free use of
such false color is catchy as long
as it does not mislead; the captions
here are explicit.

Two of the authors and most of
the images in this book come from
the Science Photo Library of London.
The credit for these archived pic-
tures is laconic: it consists only of the
name of the photographer. The read-
er learns neither place nor date and
must surmise purpose; a listing in-
tended to inform, and not merely to
meet the standards of the copyright
law, would add much to the value of
such a scientific album, at the cost
of only a few pages of type. The oc-
casional full reference to a book or
a paper appearing among all those
repeated names is as welcome as
spring rain. A readable appendix,
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helpful and not very technical, re-
views the instruments, their history
and how they work, and teases our
viewing with a few pictures through
some of the new specialized win-
dows into the microcosm, such as
the scanning tunneling microscope.
A needed and heartfelt essay on the
high importance of sample prepara-
tion in microscopy is included.

Time stops in the photographs of
Harold Edgerton for dancers and bul-
lets and bands and glassy plankton
and splashes that look like tiny cor-
onets. The fast flash and the swift
optical shutter—flicking at speeds
as high as hundredths of a micro-
second—show us the microstructure
of events. This volume, presenting
some fine new images according to
a familiar plan, reviews the photo-
graphic techniques and work of Ed-
gerton, the M.LT. electrical engineer
who developed the first electronic
gas flash tubes in about 1928 and has
kept at it ever since. The present
beautiful volume presents about 125
pictures, a couple of dozen of them
in color; selection and commentary
seek to place the man and his work
as part of the history of the pho-
tographic art. Doc Edgerton is a
celebrated artist-teacher, as wise a
man as you can find, steadily in-
ventive over six decades, free of
pretense and invariably warm, gen-
erous and helpful.

It is he who more than anyone else
has visibly sliced William James’s
“thickened Now” to nourish readers
far outside the limits of science and
technology. This good-humored en-
gineer from Nebraska, long and hard
at work among the sober Yankees,
remains enough of countryman and
poet to express precisely the reason
people so enjoy his pictures: “Any-
thing that moves is my game. It’s al-
ways beautiful.”

First example: Indian Club Demon-
stration, 1939. Here are two images:
a time exposure that ties a shapely
but blurred knot of light, and next
to it Edgerton’s hundredth-of-a-sec-
ond multiflash that unties that same
knot into a big many-petaled flower.
No wonder the painter-photographer
from the Bauhaus, Laszl6 Moholy-
Nagy, traded one of his own prints
with Doc for that one. Second ex-
ample: an exquisite flying fish floats
past, frail fins spread, revealed as no
flier at all but a stiff-winged glider,
tail-launched out of the sea off Catali-
na. Third, from the 1970’s: a pair of in-
terference-tinted vortexes of heated
air swirl elegantly in rainbow unison
as a Bunsen flame is cut by a fast-



spinning fan blade; all that coupled
movement is stilled by flash. This
one-man show (with a little help from
devoted friends) is a retrospective
out of which some of the most prized
sensibilities of our epoch unfold.

METEORITE CRATERS, by Kathleen
Mark. The University of Arizona
Press ($29.95).

They fly in from the astronomical
void to crash into hard-rock geolo-
gy, blasting out strange landforms. In
this brief and vivid narrative, Kath-
leen Mark, a delighted, careful geol-
ogist long resident at Los Alamos,
leads us through an intriguing histo-
ry. We learn how ‘“the investigation
of some holes in the ground” led to
the recognition of great natural ex-
plosions underground, innocent of
volcanic ash or lava, the solid crust
punctured not from below but from
on high.

Not far south of the Zuni Indian
Reservation in New Mexico a nearly
circular salt lake a mile across shines
blue within its slightly upturned rim.
Itis called Zuni Salt Lake. A couple of
black cinder cones rise from the lake,
whose ashy edge is whitened by dry-
ing salt. It was beyond the under-
standing of the first geologist to visit,
back in 1873. Now we know it as a
maar, a volcanic explosion pipe, the
remains of a few brief explosive
bursts of gas that rose from magma
below to shatter the rock surface,
and build up the rim and the cinder
cones out of small amounts of vol-
canic debris. The lava below then
retreated, and a lake fed by saline
springs slowly filled the crater. In
1955 such a maar was seen to form
in the Chilean Andes as repeated
violent half-hour discharges of gas
erupted on and off through an entire
season until they gradually dwin-
dled away.

Only a couple of hours’ hard driv-
ing west from Zuni Lake brings a
traveler to the brink of a deep, dry, al-
most circular hole, almost as large
as the lake. Once it was called Coon
Butte. It is strangely free of volcanic
materials, its rim of limestone and
sandstone strata slopes away on all
sides, and plenty of nickel-iron mete-
oritic fragments can be found near-
by. The redoubtable G. K. Gilbert,
chief geologist of the U.S. Geological
Survey before the turn of the centu-
ry, made of it an example of the meth-
od of scientific inference. On balance
he concluded that it was the volcano-
born result of a steam explosion, al-
though he went on to ascribe the lu-
nar craters to meteorite impact. He

had searched for signs of the impact-
ing body, but as he wrote to a friend,
“I did not find the star because she is
not there.”

The formation is now known as
Meteor Crater; the name has been
used since 1906, when mining en-
gineer D. M. Barringer (and others
who amplified his arguments) spoke
strongly for its meteoritic origin. In-
deed, for the rest of his life Barringer
searched the site for a buried star-
ry messenger of nickel-iron: he sank
two dozen expensive drill holes with-
in the crater and found nothing.

Perhaps because of the gap be-
tween the astronomers and the geol-
ogists the governing energetics of
impact was grasped very slowly. Any
big falling star is well and truly va-
porized; its shock waves pass swittly
and powerfully radially out through
the rocks to excavate a telltale hole,
circular in shape whatever the direc-
tion of impact. The ideal circle is
somewhat vulnerable to retouching
by the spew of rock that flies up; re-
bound can even throw up a central
cone in a big crater, as it does on the
moon. By 1930 or so workers rec-
ognized the distinction between ex-
plosive shock events and the small-
er, slower percussive falls that dig
odd-shaped pits, meteorite chunks
left within.

At mid-century the literature list-
ed only a dozen meteorite craters on
five continents, all confirmed in the
most direct way by the presence
of meteoritic material. The chance
wartime sighting of the remarkably
round lake now called the New Que-
bec Crater led to a search among the
millions of images held in the Canadi-
an Air Photo Library in 1955. Dozens
of fossil craters, big and little, show
up on the ancient bared rocks of the
Canadian Shield; there are plenty of
examples, including the circular east-
ern edge of Hudson Bay. No diamond
drill ever found a buried star, but
deep below the crater often lay a dis-
tinctive lens of heated and broken
rock. Artificial craters were made in
test nuclear explosions; their profiles
are drawn here for direct comparison
with Meteor Crater. A fascinating set
of sketches presents the sequence of
events in the growth of a big impact
crater, a sequence well understood
by the 1960’s.

It was the physics of high pressure
that produced the strongest positive
evidence. Step by step it became
clear that the transient high pres-
sures applied by the strong passing
shock could transform the mediun;
the first transformation recognized
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was a new heavy phase of silica,
coesite (made from quartz by Loring
Coes in 1953). By the 1970’s a vari-
ety of products of such shock meta-
morphism were recognized, includ-
ing shatter cones. These cones are
forms of fractured rock that indicate
not only the presence of very high
pressure but also the direction taken
by the pressure wave. Now the cra-
ters could be searched for evidence
of shocks from above, shocks too
strong to come from the low-energy
density of merely molten magma.

The laboratory work illuminated
observations in the field. The unique
geologic structures of the Bushveld
Igneous Complex in the Transvaal
were tentatively made out in 1975
as four simultaneous giant deep im-
pacts, extremely old and much mod-
ified, stretching over a couple of
hundred miles of mountainous land-
scape. The rich nickel-mining district
at Sudbury in Ontario is another
large puzzle: there are impact signs
in plenty, but no ring is left. The text
ends with the glassy tektites, seen as
upthrown molten debris of impact,
formed by hundreds of miles of flight
through the atmosphere. This is a
narrative of light slowly penetrat-
ing the shadows; everything is not
yet clear.

The latest reference among 400 to
500 is from 1979; the chronicle ends
then, surely by design. In 1980 a new
period began. The Alvarezes report-
ed meteor-borne iridium in the thin
clay layer within strata formed at the
time of the dying of the great lizards.
By now it is at least arguable that
the direction of organic evolution is
marked as deeply by giantimpacts as
is the desert of Arizona: meteoritic bi-
ology. This text is a model of clear
nontechnical exposition and apt il-
lustration. In a couple of decades an-
other volume as good as this will be
needed to survey the impact-extinc-
tion story, however it may turn out.

Not every new wonder endures. A
French official reported in about 1920
thatin the Adrar desert in Mauritania
there lies a “compact, unfractured”
iron mass 100 meters long and 50 me-
ters high, half-buried in the sand, its
visible face a vertical cliff of metal
polished here and there to a mirror
surface by the sand-filled winds. That
Chinguetti mass, as elusive as the
fallen star Gilbert sought in Arizona,
has never again been found. There is
a 10-pound sample, and a good-size
real crater (without a meteorite) is
known from the same region; the rest
is fiction—or is an all too massive
iron hidden under drifting sands?
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MEASUREMENT

with a QM1 in crack propagation
] @
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J.L. Humason, Technical Specialist, in his laboratory at Battelle Northwest,
monitoring a fatigue crack propagation experiment with a QM1 system which
includes, on 3 axes, video camera and recorder, 35mm SLR and digital filar eyepiece.

s

Recently we had the privilege of visiting some of our customers with a
view to observing the ways in which they use our various special
systems. At Battelle Northwest we visited with Jack Humason who
was using a Questar® optical measuring system in his crack
propagation studies.

With the QM 1 system precise crack length measurements can be
made to establish crack length divided by crack opening displace-
ment gage factors. The QM 1 with a video system displayed a magnified
image of the crack on a monitor while a VCR recorded the entire test.
Tests were conducted at increasing constant load intervals, thereby
providing the crack growth rate measurements to be made for each
stress intensity level.

The Questar image clearly showed the notch and the two mm
precracks in the metal sample. The crack progressed across the sample
as the stress was increased. At the higher stress intensities plastic
deformation occurred at the crack tip. The increasing size of the
plastically deformed region was clearly observed with the QM 1.

The Questar QM 1 system was also used to monitor the movement
of a LUDER’s band migrating the length of an iron tensile specimen.

And so for the first time, as a result of the depth of field and
resolution of the Questar optics, it was possible to see and record in
real time crack features and surface topography in detail. Tests of
this kind, whether in polymers, metals or composites, can be viewed
and taped for future study with a Questar system.

In many other applications complete systems are supplying the
solution to difficult questions of procedure, often defining areas
that previously could not be seen with any instrument. We welcome
the opportunity to discuss the hard ones with you. Call on us -

QUESTAR

P.O. BOX 59, DEPT. 212, NEW HOPE, PA 18938 (215) 862-5277
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Caprice.
No luxury car is
so big for so little.

U" N f'

® & [ 4 |
‘o ,‘_-.f, S AL |
TP 47

) ®
o o % :
o

Erouherm {_5
el
Caprice offers six Caprice at $12,030* tothe  steel perimeter frame,
adults a choice of luxury total luxury of the Caprice  finely tuned suspension,
from the least expensive Classic Brougham LS you and acoustic insulation
— see here at $15,091* deserve lots of the
You'll sink into credit. Bravo.
Caprice’s deeply cush- For even more lux-
- R, = ioned seating and enjoy ury, elegant Ieathgr in
¢ ) e a rare limousine smooth the seating areas is an
and quiet ride. Its full option to enjoy with
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the stately Caprice
Classic Brougham.

Whichever Caprice
you choose, one test
drive is all it takes to see
its biggest luxury is
how much it gives for
S0 little.

S s Saagaested Tetal Prices wwiod g deales
P Lae bowerne, ddestinnatoons chmges and cptionial
Wl kbl

w Full size luxury for six full size
people Plus a 21 cu 1t trunk

# Power steering, power front disc
brakes, AM/FM stereo standard

Fanis ooy b ehotetedd T ot

# Posh Landau roof on Caprice
Classic Brougham LS

2 6-year/60,000-mile powertrain
warranty.

e et Chsrolet dealer Tor teom andd conchtiom of Hhi
brrmten] warranty,

n Affordably priced full-sized luxury.
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1he difference berween saving a life
and threateningit.

It started out as a trip across town. transfusion to our medical pro- This achievement, the dedication
Suddenly, you’re in an ambulance rac- cedures. It’s vital. of the people who created it, and the
ing to the hospital. It’s an emergency. Which is why DuPont worked to urgency with which they worked indi-
A matter of life and death. You’ve lost create a highly accurate method of cate DuPont’s commitment to main-
blood. The doctors tell you that testing to help protect the nation’s tain confidence in our nation’s blood
you’re going to need a transfusion. blood supply from the deadly AIDS supply.
Now, you’re really scared. virus. At DuPont, we make the things
The AIDS virus has changed the Today, that testing system serves that make a difference.
way we think about transfusions. It’s over 1,200 hospitals in more than 20
made us cautious. What hasn’t states, helping millions of people feel
changed is the importance of the more secure that the blood they may

one day need to live won’t be haz-
ardous to their health.

Better things for better lrving.
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