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The new Eagle GA Touring Radial. 
Where luxury meets performance. And both win. 

Quite possibly, you have never heard 
of Goodyear's newest tire, the Eagle GA 
Touring Radial. But the engineers at 
Lexus certainly have. 

For more than 18 months, Goodyear 
and Lexus worked together on three 
continents of the globe. 

Their objective: To make a tire with 
the handling 
capabilities of 
an Eagle high
performance 
radial, and the 
superior ride 
SUItable for a 
luxury car. 

Developmental tires were tested in 
America. In Canada. In Germany, 
Luxembourg, and in Japan. 

And now, the Goodyear Eagle GA 
Touring Radial is being sent to Japan 
for fitment as the factory-specified, 
original equipment tire on the new 
$35,000 Lexus LS 400. 

The Goodyear Eagle GA Touring 
Radial bridges the gap between the 

aggressive handling, grip and stability 
of an outright performance radial and 
the smooth, undisturbed, quiet ride of 
a quality luxury radial. 

What it can of fer your car is a quiet, 
smooth and undisturbed ride over a 
variety of road surfaces. Plus the ability 
to handle your car's full performance 

capabilities. 
You can 

get details of 
Eagle GA avail
ability for your 
car from your 
local Goodyear 
retailer. (Call 

1-800-CAR-1999 for the Goodyear 
retailer nearest you.) 

Every Eagle GA Touring Radial is 
speed-rated. And it is available in all
season mud and snow versions. 

For Lexus, there was no doubt as to 
the best tire for their $35,000 flagship: 
the Goodyear Eagle GA Touring Radial. 

It is the tire where luxury meets 
performance. And both win. 

GOOD/yEAR 
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The Quiet Path to Technological Preeminence 
Robert B. Reich 

The U.S. government has responded to a series of competitive setbacks in 

the global marketplace by announcing ambitious "initiatives" to force the 

bloom on the technological rose. The author thinks this loudly proclaimed 

path is the wrong one: what is needed is a new set of policies designed to 

move technology and design from the lab to the factory floor. 

The Mitotic Spindle 
]. Richard McIntosh and Kent L. McDonald 

A cell cannot divide successfully without the mitotic spindle, the bundle 

of minute fibers that ensures the separation of the cell's chromosomes 

into two equal groups. Recent investigations have uncovered many elusive 

details of structure and behavior and have shown the spindle to be 

an extraordinarily dynamic and fine-tuned biological machine. 

The Stanford Linear Collider 
John R. Rees 

The great two-mile-Iong linear accelerator at Stanford has returned from 

the brink of obsolescence. Reincarnated as the Stanford Linear Collider, it 

enables physicists to accelerate high-energy electrons and positrons and 

then slam them into each other. The result? A tool that promises new 

discoveries about a fundamental force of nature. 

The Cycling of Calcium as an Intracellular Messenger 
Howard Rasmussen 

A major structural component of teeth, bone and shell, calcium is also 

an essential messenger at the cellular level. It mediates such sustained 

responses as smooth muscle contraction and hormone secretion not by 

becoming concentrated in the interior of the cell, as has been thought, 

but by cycling back and forth across the cell's outer membrane. 

Carbon Monoxide and the Burning Earth 
Reginald E. Newell, Henry G. Reichle, Jr., and Wolfgang Seiler 

Carbon monoxide (not to be confused with carbon dioxide) is one of many 

gases whose presence in the atmosphere is blamed largely on industrial 

activity in the Northern Hemisphere. Data collected by the authors now 

show that the gas is also abundant in the Southern Hemisphere, where 

it comes mainly from the burning of tropical rain forests and savannas. 
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Waterweed Invasions 
Spencer C. H. Barrett 

Although they are beautiful to look at, two aquatic plants-the water 

hyacinth and the kariba weed-wreak ecological and economic havoc in 

many regions of the world. In the absence of natural predators the plants 

grow uncontrollably, forming vast mats that clog waterways and kill fish. 

Imaginative programs now offer hope for their control. 

Scanned-Probe Microscopes 
H. Kumar Wickramasinghe 

Microscopes of a new generation dispense with lenses and rely instead on 

fantastically sharp probes to "feel" the contours of surfaces, atom by atom. 

Such microscopes can map atomic-scale properties as well as topography. 

They are becoming both a standard tool of fundamental science and an 

instrument for quality control in the microelectronics industry. 

The Origins of Indo-European Languages 
Colin Renfrew 

Most European languages descend from a single ancestral tongue. From 

where did it come? One theory implicates a band of warrior nomads who 

swept across the continent in late prehistoric times. It is more likely, the 

author says, that practitioners of agriculture brought the progenitor 

language to Europe with them as they moved west seeking land. 
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"BY 1945, 
AMERICJ\S FORESTS 

WILL BE HISTORY" 

In 1920, authorities predicted we'd 

run out of forest land in 25 years. But today 

we have nearly 730 million acres of lush forest 

land in the U.S. - and more trees than we 

had 70 years ago. 

Thanks, in part, to private landowners 

and America's forest products companies, who 

BoISE CASCADE BoWATER. INC. CHAMPION INTERNATIONAL CONSOLIDATED PAPER, INC. GAYLORD CoNTAINER CoRP. GEORGIA-PACIFIC INTERNATIONAL PAPER 

�1989 American Forest G:>unClI 
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plant over 6,000,000 trees a day, reseed entire 

forests, and use other forest managenient tech

niques to promote natural regrowth. 

We're determined to keep up with the 

growing demand for wood and paper products. 

And to make sure our forests will continue to 

make history. 

�help us manage the future of America's forests, mail th� I ::u�on or call 1·800-648-6699. 

Name ______________________________ __ 

Address ______________________________ _ 

City ______________ State ______ Zip ____ _ 

1250 Connecticut Avenue, N.W .. Washington, DC 20036 

I 00 AMERICAN FOREST COUNCIL I �-- ------ --� 
MANAGINC THE FUTURE OF AMERICA:S FORESTS. 

[TT RAYONIER MEAD CORP. PACKAGING CoRP. OF AMERICA SIMPSON 11MBER TEMPLE·INLAND UNION CAMp CORP. WEYERHAEUSER WILLAMETTE INDUSTRIES 
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THE ILLUSTRATIONS 

THE COVER painting is a cross-sectional 

view of the Mark II detector, which re

cords events generated by the collision 
of high-energy electrons and positrons 

at the Stanford linear Collider (see 

"The Stanford linear Collider," by John 
R .  Rees, page 58). The pipe in which the 

particles collide is seen at the center. A 
radial array of cables carries data from 

drift chambers to computers. The detec
tor has found several hundred ZO parti

cles, making it possible to refine esti
mates of the ZO mass. 

Cover painting by Ian Worpole, based on a photograph by Peter Menzel 
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LETTERS 
To the Editors: 

Elizabeth Corcoran's "A Truffling 
Matter" ["Science and Business," SCI
ENTIFIC AMERICAN, May] uncritically 
presents the unverified, entrepreneur
ial claims about "La Truffe" products 
as fact: "He hit on a growth medium 
that was conducive to growing truffles 
in a petri dish, [yielding] harvests of 
roughly 60 pounds per week. ... Truf
fle oil, paste, powder and juice [are 
produced]." The producers have nei
ther revealed the process nor, to my 
knowledge, released any live myceli
um for examination by others. 

A variety of "La Truffe" products, 
claimed on the labels to contain Tuber 
melanosporum, have been microscop
ically examined by me, Ruth Taber of 
Texas A&M University, Joseph Ammi
rati of the University of Washington 
and Gerard Chevalier of France's Insti
tut National de la Recherche Agrono
mique station at Clermont-Ferrand, a 
foremost authority on the biology and 
culture of the Perigord truffle. To us, 
"La Truffe" products smell like gener
ic dried fungi. Rehydrated or cooked, 
they lack the unique fragrance that 
typifies fresh Perigord truffles. In in
ternational commerce, a truffle is de
fined as the truffle fungus's sexu
al fruiting body, containing asci and 
ascospores. "La Truffe" products we 
have examined lack these. Extraction 
and preliminary separation of DNA 
from "La Truffe" products and its 
comparison with DNA from authentic 
Perigord truffles indicate significant 
differences. We do not know what fun
gal material is in "La Truffe" products; 
it is not fruiting bodies of Perigord 
truffles, as claimed on the label. 

Truffles evolved as sexual fruiting 
bodies of obligate mycorrhizal fungi 
specifically adapted for spore disper
sal by animals. As they ripen, these 
hypogeous sporocarps produce aro
matics to attract animals. The animals 
eat them, digesting all the tissue but 
the spores. The spores are dispersed 
in fecal "packages" of spore inoculum 
that is washed by rain into the soil. 
When the spores germinate near re
ceptive host roots, the new mycelium 
can establish a symbiosis with the 
host tree. In nature, the fungus cannot 
fruit in the absence of the host and 
probably cannot survive. 

The complex physiological interac
tions among truffle fungus, tree host, 
animal disperser and environment re
sult from millions of years of evolu
tion and have thwarted attempts to 

produce truffles under artificial con
ditions or in the absence of host 
roots. Nothing in "La Truffe" products 
suggests that the barrier to artificial 
cultivation has indeed been broken. 
Breakthroughs are welcome from any 
source, but those who claim break
throughs must come forward with 
their evidence. The producers of "La 
Truffe" have yet to do so. 

Meanwhile, buyers who believe the 
"La Truffe" label will assume they are 
getting true T. melanosporum and will 
form a false, inferior impression of 
the qualities of Perigord truffles. This 
could seriously damage the market 
for European and American producers 
of the real thing, producers who have 
invested much in careful research, 
openly published and tested, on truf
fle cultivation. Many fungi produce 
toxins and carcinogens; an unknown 
fungal product ought not to be mar
keted until its content and safety are 
reasonably confirmed. Scientific Amer
ican ought not to promote unsubstan
tiated commercialism. 

JAMES M. TRAPPE 

Departments of Forest Science 
and Botany-Plant Pathology 

Oregon State University, Corvallis 

To the Editors: 
California Truffle Company (which 

formerly used the trade name "La 
Truffe") has never claimed to produce 
sexually mature fruiting bodies of Tu
ber melanosporum, Dr. Trappe to the 
contrary. The California Department 
of Public Health has determined, after 
a thorough examination of the compa
ny's truffles and growing conditions, 
that our products are indeed "cul
tured truffles, Tuber melanosporum" 
and that they have progressed beyond 
the mycelial stage, although they can
not be characterized as sexually ma
ture. The term cultured is used to 
distinguish our truffle from its Eu
ropean counterpart, dug from the 
ground. The Department of Public 
Health has also determined that our 
products are entirely safe for human 
consumption. Dr. Trappe's prelimi
nary separation of DNA from our cul
tured truffles is not meaningful with
out data, especially given that the 
samples analyzed were taken from 
processed, dehydrated materials. We 
are a commercial enterprise engaged 
in producing gourmet food and not an 
academic institution. We therefore see 
no reason to reveal our process and 
have no intention of doing so. 

As for Dr. Trappe's suggestion that 
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buyers will form a false, inferior 
impression of truffles, our products 
have received enthusiastic kudos from 
a number of noted chefs, including 
Jack Czarnecki, author of Joe's Book 
of Mushroom Cookery and considered 
the premier mushroom chef in Ameri
ca; ex-White House chef Rene Verdon; 
Jean Michel Jeudy, vice-president of 
the California Culinary Academy; Gil
bert Drouelle, executive chef of Sofi
tel; and Alex Errecarte of Brasserie 
Chambord. Contrary to Dr. Trappe's 
assertion that the existing truffle mar
ket will be damaged, we believe that 
making our cultured truffle products 
available throughout the year to a wid
er market will improve awareness and 
appreciation of truffles. 

MOSHE SHIFRINE 

President, California Truffle Co. 
Woodland, Calif. 

To the Editors: 
I very much enjoyed "The Trireme 

Sails Again," by John F. Coates [SCIEN
TIFIC AMERICAN, April]. It calls to mind 
some sequences of Aristophanes' play 
The Frogs. There Aeschylus says (verse 
1073): "Then, when I was living, the 
oarsmen knew nothing but to talk of 
their allowance of bread and to sing 
out their yo-ho!" In verse 207, while 
crossing a lake in a boat with two oars, 
Dionysos orders: "Then, beat time!" 
and Charon follows with "0 opop, 0 
opop!" These references indicate that 
crews must have synchronized their 
oars by shouting. 

In verse 1074, Dionysos says: "By 
Apollon, so it is, and to break wind into 
the faces of those oarsmen at the 
lowest bank ... !" From the illustra
tions on pages 102 and 103 it is clear 
why Aristophanes speCifies the lowest 
oarsmen: thalamakes. Such a practical 
joke can work only between the sec
ond and third banks of oarsmen. 

EMANUEL PFEIL 

Marburg, West Germany 

To the Editors: 
In reference to "Aging Comes of 

Age" ["Science and the Citizen," SCIEN
TIFIC AMERICAN, May], wasn't it Ponce 
de Leon who was said to be looking for 
the Fountain of Youth and not Hernan
do de Soto (who was seeking wealth)? 

ALICE R .  BENSON 

Ann Arbor, Mich. 
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Catching a bolt of lightning used to be a shot in the dark. 
Take the picture you see here, for example. Ordinary 

exposure control systems could be fooled by the dar k 
black sky and overexpose the lighted skyline. 

But with the Nikon NB008, all you do is select Matrix 
Metering (our unique multi-segment computer
controlled light meter), set the exposure control 
for Aperture Priority Automatic and, if your timing 
is right, lightning will strike. 

Using AF Nik kor optics, the camer a wil l  

automatically evaluate the scene's lighting to achieve the 
picture you see here. 

T his is one example of how the N8008 and its system 
of accessories simplifies the complex, putting photographs 

that used to be difficult to impossible for anyone but 
a professional within reach of just about anyone. 

So, look for the symbol below, and let a Nikon 
Advanced Systems Dealer put Ni�Dn t�e �lightly miraculous N8008 \\etaketheoorld's· 
WIthin your reach. greatest pictures." 

I � I TO LEARN MORE ABOUT MA KING THIS AND OTHER TRICKY PICTURES. WRITE: NIKON.IN C .• EDUCATIONAL LITERATURE #1.19601 HAMILTON AVE .• 
...... TORRANCE, CALIFORNIA 90502. ONE YEAR NIKON USA CLUB MEMBERSHIP FREE WITH PURCHASE AND APPLICATION. 0 Nikon Inc. 1989 
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I
t's our signature, of 
course. Our sign-off on 
a product. It is an 
invitation to your 
confidence, and if you 
like the product, it's 

an R.S.Y.P. If for some reason, 
the product disappoints, you'll 
move us from your shopping 
list to your black list. We can't 
have that, so we see to it that 
our label promises more. 

In a world of the flighty and fly by night, 

Take one of onr 
buttondown shirts. 

Inside the collar of any of our 
buttondowns, our label 
assures you a degree of value 
unparalleled in the market 
place. For several reasons. 

First, because we're Direct 
Merchants, spared the mark
up middlemen make 
necessary. But also because 
we're not all things to all shirt 
wearers. We're buttondown 
people, because we're 
buttondown wearers. And we 

share with you what we insist 
on for ourselves: 100% cotton 
integrity, extra-long plackets, 
7 -button fronts, gauntlet 
buttons on the sleeves, a 
generous cut, and tails that 
go all the way to there, so they 
don't inch up. 

Or, consider onr label 
in a tie or a shoe. 

Look at a Lands' End label in 
any of our ties and it says to you, 
instantly, "handsewn". We 

handle no other kind of ties. 
Beyond that, we put the label 
to exceptional use as a 
"keeper" that does what a 
keeper should-keeps the 
lower half of the tie in place 
instead of parting company 
with the tie after the first 
hurried tying. 

In a shoe, the Lands' End 
label tells you that if your foot 
feels comfortable in it, it will 
always feel comfortable in any 
Lands' End shoe of that exact 
size, whatever the style. W hy? 
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1 label like this can be a wonderful thing. 
Because we size our shoes to a 
common last. You can order 
our shoes with confidence. (All 
this without enduring the shoe 
salesman's hand-squeeze of 
your metatarsal arch, or the 
pinch of his thumb and 
forefinger on your sensitive big 
toe!) 

Not to forget 
our guarantee. 

As vigilant as we are in 
guarding the integrity of our 
label, we are not perfect 
because our business is more 
art than science, and hence 
(thank goodness!) a people
intensive business. So behind 
our label stands our blunt 
guarantee: GUARANTEED. 
PERIOD. ® There is no 
conceivable condition under 
which we do not honor it. 

So, give us a call at 
1-800-356-4444, and start 
enjoying the Lands' End 
experience as millions of 
people like you (and us!) 
already do. 

"Hello. This is Linda. 
May I help you?" 

Call 
toll-free: 

1-800-356-4444 

©1989. Lands' End, Inc. 
r--------------------

Or write: 
Lands' End, Inc. Dept. Q-30 
Dodgeville, WI 53595 

Name ________ _ 

Address _______ _ 

City ________ _ 

State ____ Zip ___ _ 
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SO AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

OCTOBER, 1939: "If atom smashing 
could be made more efficient, power 
production by means of nuclear fis
sion would not be beyond the realm 
of possibility. B�t under present con
ditions, the process is as inefficient 
as removing the sand from a beach a 
grain at a time. The secondary'neu
trons emitted at the moment of fis
sion and in later reactions, howev
er, bring up an interesting and rather 
disturbing aspect of the case. These 
secondary neutrons constitute a fresh 
supply of 'bullets' to produce new 
fissions. Thus we are faced with a vi
cious circle, with one explosion set
ting off another, and energy being con
tinuously and cumulatively released. 
It is probable that a sufficiently large 
mass of uranium would be explosive if 
its atoms once got well started divid
ing. As a matter of fact, the scientists 
are pretty nervous over the dangerous 
forces they are unleashing and are 
hurriedly devising means to control 
them. It may or may not be Significant 
that, since early spring, no accounts of 
research on nuclear fission have been 
heard from Germany-not even from 
discoverer Otto Hahn. It is not unlikely 

that the German government, spotting 
a potentially powerful weapon of war, 
has imposed military secrecy on all 
recent German investigations." 

"It is 25 minutes' truck running time 
from the Camden Airport, New Jersey, 
to the Philadelphia Post Office at 30th 
and Market Streets. A Kellett KD-1l3 
Autogiro makes the trip by air in five 
or six minutes and shuttles back and 
forth from the Airport to the roof of 
the Post Office five times daily, carry
ing a full load of mail each time." 

"A new plastiC, developed by the 
H. S. Polin Laboratory of Research in 
Physics, is unique, particularly from 
the standpoint of use in South Ameri
ca, in that it is made wholly from the 
green coffee bean and requires no ad
ditional raw materials. Coffee-plastic 
making will be a highly self-contained 
industry, because the coffee provides 
its own chemical plasticizers and cata
lysts and its own filler material." 

OCTOBER, 1889: "Still the acquire
ment of large American plants by for
eign concerns goes merrily on, says 
The Iron Trade Review. Not to speak of 
the breweries and land companies and 
Western mortgages recently absorbed, 
the important news of the day is the 
proposition of an English syndicate to 
buy the extensive works of the Thom
as Iron Company, at Hokendauqua, Pa. 
These movements again press to the 

Apparatus for registering piano music by the phonograph 
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front the question: Is there any dan
ger to our protective system in the ab
sorption of American concerns by for
eign capitalists? The general consen
sus seems to be that we can stand any 
amount of influx of foreign capital, 
but it should be distinctly understood 
that, once invested in America, it be
comes American capital, bound to re
spect American interests, and pay the 
American scale of wages." 

"Atlantic racing has risen to the dig
nity of an art developed and aided by 
the resources of science. The hulls of 
such ships as the Teutonic, the Etruria, 
the City of New York, or the Columbia 
have been designed not only to slip 
through the water with the least possi
ble effort, but to withstand the worst 
assaults of sea and wind. Within they 
are palaces, without they are castles. 
Their engines and boilers are the most 
perfect as well as the most gigantic 
examples of steam machinery. They 
are sailed by men to whom the Atlan
tic is as well known as Fleet Street to 
a policeman. In their engine rooms 
are men who have absolutely nothing 
left to learn in the art and mystery 
of getting the last foot-pound of use
ful work out of their machinery. Keen 
rivalry prompts the driving of these 
great ships across the ocean as fast as 
they can possibly go." 

"The centenary of the discovery of 
uranium has been marked by the find
ing of a continuous lode at the Un
ion Mine, Grampound Road, Cornwall, 
which is believed to be the only known 
lode in the world. It is anticipated that 
the present discovery will enable two 
important applications of the metal 
to be followed up. The first is as a sub
stitute for gold in electroplated ware, 
inasmuch as with platinum and cop
per it forms two beautiful alloys, each 
having the appearance of gold, and the 
former also resisting the action of ac
ids. The second application is in con
nection with electrical installations, 
where its usefulness consists in its 
high electrical resistance." 

"La Nature reports from the Paris 
Exhibition: 'When one has heard the 
new, improved phonograph speak, he 
is astonished at the distinctness ex
hibited in the reproduction of piano 
and wind instrument music. It has 
seemed to us of interest to depict the 
means employed for registering the 
airs obtained by the aid of these musi
cal instruments. The figure shows the 
immense ear trumpet which leads the 
sounds of a grand piano to the wax 
cylinder of the phonograph.''' 
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TO FIND OUT WHAT SEPARATES 
THEYOLYO 760 FROM OTHER LUXURYCARS, 

YOU HAVE TO GET INSIDE It 

Inside the Volvo 760 you'll find more 
than just leather-trim seats, power win
dows, and a high-end stereo system. 

You' ll find a level of automotive engi
neering that exceeds that of many cars in 
its class. 

Consider, for instance, Volvo's unique 
Multi-link independent rear suspension. 
Unlike conventional systems, Multi-link 
allows each wheel to react individually 
to varying road conditions. The result is 
an exceptionally smooth ride coupled 
with precise road handling. 
© 19X9 Volvo North Amcril.:a Corporation. 
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Also consider the 760's choice of 
power plants. You can have a highly 
responsive, overhead cam V-6. Or an 
intercooled, turbocharged four that can 
rocket the 760 from 0-55 MPH in less 
time than it takes many so-called 
performance sedans. 

But even more important than 0-55 
is the time it takes to go from 55-0. Which 
is why the 760 comes with a state-of-the
art anti-lock braking system (ABS). 
With ABS, you can practically stand on 
the brakes with little chance of skidding 

or losing control. Even on wet surfaces. 
For additional safety, the 760 is 

equipped with a driver's side Supplemen
tal Restraint System. And, of course, it is 
replete with all the safety features Volvo 
has long been famous for. 

All of which goes to prove that if 
you're in the market for a luxury car, you 
should look into the Volvo 760. 

After all, no other car in its class has 
such an impressive interior. 

VOLVO 
A car you can believe in. 
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FELLOWSHIPS 

...-----STA FELLOWSHIPS---

Postdoctoral Fellowships in Japanese 
Government Laboratories 

The Japanese Science and Technology Agency (STA) is offering postdoctoral fellowships to scientists and 
engineers of the countries listed below for periods of6 months to 2 years to be held in any Japanese national 
laboratory (excluding university and university-affiliated laboratories). Over one hundred Japanese research 
laboratories covering almost all areas of science, engineering and medicine are participating in the scheme. 

The fellowships are open to young PhD holders of under 35 (although older researchers will be considered) 
from universities, research councils, government research laboratories and industry. Any science or engineering 
discipline will be considered except military R&D. Applicants will be required to supply a letter of invitation 
from their Japanese host institution (the organizations listed in Table 1 provide help in contacting suitable host 
institutions). 
Those in the final stages of a PhD may also apply. 

There are no closing dates but candidates are encouraged to submit their applications as soon as possible. 
Fellowships for fiscal1989 must be taken up by March 1990. 

FELLOWSHIP AWARDS 

Fellowships include round-trip air tickets (economy class) and the following tax-free allowances: 

1) living allowance: ¥270,000 (about US$2,000) a month 
2) Family allowance: ¥ 50,000 a month 
3) Housing allowance: up to ¥100,000 a month 

Apartments will normally be provided to awardees. The apartment floor area is 40 m2 for 
awardees unaccompanied by their family and 60 m2for awardees to stay with their family in 
other than metropolitan areas such as Tokyo. If an awardee prefers to use a larger apartment 
because of the family size or otherwise ¥1 00,000 maximum per month may be paid as housing 
allowance; any shortfall is to be borne by the awardee. 

4) International relocation allowance: ¥200,000 
5 )  Travel allowance: ¥100,000 a year 

(within Japan) 
6) Japanese la.nguage lesson courses are to be provided free of charge to the STA Fellowship awardees 

and their family members in Tsukuba area. Those who live in places other than the Tsukuba area will 
be entitled to reimbursement of Japanese language school tuition up to a specified amount. 

7) Excursions or the like will be held to help make the Fellowship awardees and their family members 
in TokyofTsukuba areas familiarized with Japan's culture, tradition and history. 

In addition, ¥1 ,480,000 per year will be paid to the host institute to cover research costs and insurance 
for researchers will be paid by JISTEC during their stay in Japan to cover medical care. 

APPLICATION PROCEDURE FOR STA FELLOWSHIP 
Management of the STA Fellowship, including recruitment of candidates, is entrusted to the Japan 
International Science and Technology Exchange Center (JISTEC). 

Responsible organizations overseas which represent the governments of their respective countries are given in 
Table 1. 

A researcher wishing to be awarded the STA Fellowship should apply to the responsible organization in hisl 
her country. Candidates are required to contact the desired host institute and obtain a letter of acceptance 
before filling an application with their government. Further information regarding the STA Fellowship and 
host Institutes is available from the responsible organizations. 

A researcher whose country is not listed in Table 1 could contact a Japanese host institute directly, which in 
turn may recommend the reseacher to JISTEC as a candidate for STA Fellowship. 

Fig.1 shows the process from consultlcontact to receipt of award. (W6352)E 
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Fig. 1 PROCESS FLOW FROM CONSUL TICONTACT TO RECEIPT OF AWARD 

In case the researcher's country is shown in Table 1 

Foreig n 1_----==O==----=C'-=o:.:.,n:..::s-=u..:..:lt'--lC> Responsible 
organisation 

(Table 1) researcher 1 -0-, -S-u-b-m- it- --C> 6 I t� �pPlication 
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l acceptance of Award . 

Recommend 

I � 0 Notify award 
� deqision � 

Host institute <J------- JISTEC o Notify award 
decision 

6 I Notify award 
decision 

I 
Q Transmit 

Table 1 RESPONSIBLE ORGANIZA TlONS 
Country Contact 
Australia 

Canada 

Federal Republic 
of Germany 

Finland 

France 

Italy 

Netherlands 

DEPARTMENT OF INDUSTRY, TECHNOLOGY 
AND COMMERCE 
The Secretary (Attention: Assistant Secretary, 
Japan Branch) 
GPO Box 9839, Canberra ACT 2601 
Tel: 062-76-1000 Fax: 062-76-1122 

NATURAL SCIENCE AND ENGINEERING 
RESEARCH COUNCIL 
Dr. R.J. Kavanagh 
Director-General 
(Scholarships & International Programs) 
Centennial Towers 
200 Kent St., Ottawa, Ontario K1A lH5 

ALEXANDER VON HUMBOLDT-STIFTUNG 
Dr. Rolf Hoffmann 
Selection Department 
Jean-Paul-Strasse 12 5300 Bonn 2, FRG 
Tel: (0228) 833-0 Fax: (0228 833-199 

MINISTRY OF TRADE AND INDUSTRY 
Division for International Affairs 
Mr. Pertti Valtonen 
Head of Division 
Aleksanterinkatu 10, SF-00170 Helsinki 

CENTRE NATIONAL DE LA RECHERCHE 
SCIENTIFIQUE 
Mr. Stuyck Taillandier 
Direction des Relations et de la Cooperation 
Internationales 
15 Quai Anatole France, 75700 Paris 
Tel: 1-47 53 1515 

MINISTERO DELLA RICE RCA SCIENTIFICA E 
TECNOLOGICA 
Ufficio Relazioni Internazionali 
Dr. Mario Bove 
Director 
Lungotevere Thaon di Revel 76, 00100 Rome 
Tel: 6-369-941 Fax: 6-392-209 
Tlx: 612548 RISCIE 1 

MINISTRY OF EDUCATION AND SCIENCE 
Dr. ir. B. Okkerse 
Director-General for Higher 
Education and Scientific Research 
Dr. P. van't Klooster 
Deputy Director 
Division Research Organisations 
Directorate-General for Higher Education and 
Scientific Research 
P.O. Box 25000, 2700 LZ Zoetemeer 

In case the researcher's country is not shown in Table 1 

Foreign Notify acceptance and 
researCher-,� request materials neces-

° 1 61/ �Y for recommendation 

Con act I� 6 Send Letter of Award 

1 teod mate,ia', 

o Recommend 
Host institute 

6 Notify award 
decision Q 

Notify a'ward 
decision 

recommen
dation 

New Zealand INTERNATIONAL SCIENCE UNIT 
Dept. of Scientific & Industrial Research 
Mr. M.A. Collins 
Assistant Director-General 
P.O. Box 1578, Wellington 

� 

Sweden STYRELSEN FOR TEKNISK UTVECKLING 
Dr. Erik von Bahr 

Switzerland 

Box 43200, 100 72 Stockholm 
Tel: 08-775 40 00 Fax: 19 68 26 
Tlx: 10840 swedstu s 

SWISS NATIONAL SCIENCE FOUNDATION 
Mr. Benno Frey 
Wildhainweg 20, CH-3001 Bern 
Tel: 031-24-54-24 Fax: 23-30-09 
Tlx: 912-423 

United Kingdom THE ROYAL SOCIETY 
Ms. Karen Kimpton or Dr Stephen Cox 

United States 

European 
Communities 

6 Carlton House Terrace, London SWl Y 5AG 
Tel: 01-839-5561 Tlx: 917876 

NATIONAL SCIENCE FOUNDATION 
Dr. Charles W. Wallace 
Senior Program Manager 
US-Japan, Australia and New Zealand 
Programs 
Division of International Programs 
Washington, D.C. 20550 
Tel: 202-357-9558 

THE COMMISSION OF THE EUROPEAN 
COMMUNITIES 
Mr. Giorgio Boggio, DG XII 
Head of Division, Rue de la Loi 200, 
1049 Brussels 
Tel: 235-5635 

QUESTIONS ABOUT STA FELLOWSHIP 
Please direct questions about the fellowship scheme to the 

responsible organization in your country given in Table 1. If your 
country is not listed, inquiries will be received by JISTEC. 

Japan International Science and Technology 
Exchange Center (JISTEC) 

Address: Port One Building 6F, 7-7-6, Minato-machi 
Tsuchiura City, Ibaraki Pref. 300 
Japan 
Telephone: 0298-24-3355 
Facsimile: 0298-24-3274 
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"The blueprints called for a bracket to be mounted right next to a buttonhead 
rivet. But as close together as they are, there's a chance for chafing between the 
bracket and the head of the rivet. Chafing might break it off. 

I went to engineering and suggested a change in the blueprint-to a flush 
head rivet. They agreed. 

Around here, it's everybody's responsibility to make sure everything's going 
together right. We know a couple of pilots are counting on us to do just that. So 
we say follow the blueprints- but use your head:' 

-Dennis Davis, Apache Helicopter, Mechanical Assembler 

�CDONNELLDOUGLAS 

A company of leaders. 
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SCIENCE AND THE CITIZEN 
Land-Locked 
Increasingly, experts question 
the need for land-based missiles 

F
red c. Ikle had to curb his tongue 
in public for the seven years he 
served as Ronald Reagan's under 

secretary of defense for policy. But in 
a speech shortly after he left the Pen
tagon last year, he finally uttered the 
question that had long gnawed at him: 
"Why on earth, heaven and hell do we 
still want the land-based ICBM?" 

Good question, one that arms ana
lysts left and right are asking these 
days. It arises in discussions of how 
the u.s. should cut its forces in the 
event of a Strategic Arms Reduction 
Talks ( START) treaty. It is also central 
to the long-grinding debate over how 
to make the land-based leg of the U.S. 
nuclear triad less vulnerable to an at
tack by its ever more accurate Soviet 
counterpart. The old "window of vul
nerability"-remember? 

Campaigning for the presidency, 
George Bush vowed to slam the puta
tive window shut by deploying inter
continental ballistic missiles in "sur
vivable " modes. ( The U. S .  now has 
1 ,000 ICBM'S based in silos: 9 5 0  Min
utemen, each carrying up to three war
heads, and 50 MX's, each with 10 war
heads.) Bush was given two options : 
putting 50 MX's on railcars or hun
dreds of small, single-warhead Mid
getman missiles on all-terrain trucks. 
Each alternative has powerful sup
porters : the Air Force brass and Dick 
Cheney, Bush's secretary of defense, 
favor the MX; Les Aspin, chairman of 
the House Armed Services Committee, 
and Brent Scowcroft, Bush's national 
security adviser, back the Midgetman. 

Bush's choice? Both of the above. 
His decision may be politically sound, 
but it has been widely criticized as 
lacking strategic sense. Barry Blech
man of Johns Hopkins University's 
Foreign Policy Institute points out that 
the MX and Midgetman each has a 
distinct drawback: MX missiles, which 
would roll out from a central garrison 
only during a crisis, would take hours 
to disperse over rail lines and so could 
be destroyed by a surprise attack; Mid
getman missiles, although more elu
sive, would be much more expensive
up to $40 billion, or about three times 
as much as the MX plan. None of the 
60 or so other schemes proposed to 
modernize the U.S. land-based mis-
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sile force are any better, according 
to Blechman. "There is no good way to 
deploy survivable ICBM'S on land," he 
maintains. 

This inherent vulnerability, coupled 
with blazing speed and pinpoint accu
racy, makes land-based missiles much 
more destabilizing than either bomb
ers or submarine-launched missiles, 

MIDGETMAN-MISSILE prototype was 
launched from Vandenberg Air Force 
Base in Calif. in May_ 

notes Marshall Brement of the Na
val War College. The ICBM'S represent 
both the best weapon for a first strike 
and the most tempting target for a 
preemptive attack, Brement explains. 
Moreover, he says, if U. S. satellites give 
warning of a Soviet attack, the Presi
dent has about 1 0  minutes to "use or 
lose" his land-based missiles ; once 
fired, they cannot be recalled. In con
trast, bombers-once they are aloft
and submarines are relatively safe ; 
they provide the President with more 
flexibility and time. 

Ikle-like Brement and Blechman
thinks the U. S. should consider re
structuring its strategic triad (or "tri
pod," as former House Speaker Tip 
O 'Neill once put it) as a diad that 
would consist primarily of bombers 
and submarines. Submarines are now 
invulnerable to a surprise attack. The 
question is whether a technological 
advance might someday make the 
oceans "transparent" to Soviet satel
lites or other sensing devices. Such a 
breakthrough is not even on the hori
zon, according to Ikle. If it did occur, 
he notes, the Soviets would still need 
the ability to destroy all the subma
rines at one blow. If only one Trident 
submarine escaped, perhaps by hiding 
under the polar ice cap, it could launch 
up to 240 warheads in retaliation. 

As a backup, there are still the 
bombers. The Air Force keeps about a 
third of the 300 or so B 5 2 's, FI l l 's 
and BIB 's that make up its strategic 
bomber force revved up and ready to 
fly within 1 5  minutes-enough time to 
detect and elude most surprise at
tacks. The Soviets could beat the clock 
with ballistic missiles that reach tar
gets faster by flying at a shallower 
angle ;  launched from submarines near 
U.S. shores, these so-called depressed
trajectory missiles could reach air 
fields anywhere in the u.s. in under 1 5  
minutes. But this possibility may soon 
be eliminated through arms control. A 
bipartisan group in Congress recently 
proposed that the administration ne
gotiate a mutual ban on tests of de
pressed-trajectory missiles. 

Brement advocates doing away with 
land-based missiles entirely. He says 
Bush could seize the public-relations 
initiative from Mikhail Gorbachev by 
calling for a mutual ban on all land
based missiles. Although the Soviet 
Union is much more dependent on 
land-based missiles than the U.S. is, 
Brement contends that "given recent 
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history there is a chance Gorbachev 
will go for it." But for most other 
u.s. strategists, old habits apparently 
die hard. Hue, despite his distaste for 
land-based ICBM'S, still thinks the u.s. 
should hold on to a few. So does 
Blechman-just in case the u.s. some
day needs their reliable, precise killing 
power, he explains. 

Blechman's position dismays Rob
ert S. McNamara, who served as sec
retary of defense from 1 96 1  to 1 968.  
He asserts that strategic nuclear arms 
should never be considered as war
fighting instruments but only as a 
deterrent. In the early 1 960's  McNa
mara himself set forth what is still the 
standard definition for a deterrent: it 
should be able to survive an all-out 
Soviet attack and still inflict "unac
ceptable damage"-McNamara felt the 
obliteration of 50 percent of the Sovi
ets ' industrial capacity and 2 5  percent 
of its population would suffice-in re
turn. Some military analysts call the 
nuclear firepower needed to do this 
job an "annihilation unit." Others, in 
particular Soviet experts, prefer " Mc
Namara unit," or just "McNamara." Ac
cording to McNamara (the man), the 
u.S. does not need the MX or Midget
man-or the "Stealth" bomber, for that 
matter-to retain that capability for 
the foreseeable future. -John Horgan 

Batteries Not Included 
The space station faces 
yet another budget crunch 

T
he call by President Bush for 
a manned expedition to Mars, a 
long-term goal that would use a 

space station and a permanent moon 
base as stepping stones, was what 
the National Aeronautics and Space 
Administration wanted to hear. "All 
roads begin with Space Station Free
dom," proclaims a space-agency hand
out. Yet the call to the new frontier 
did not stir hearts and minds on Cap
itol Hill. The same day President Bush 
affirmed the Mars goal, the House of 
Representatives voted a 2 0  percent 
cut in the space-station budget this 
year, from $ 2 .0 5  billion to $ 1 .6 5  bil
lion, and further cuts are possible. 

NASA officials hold out some hope 
that the Senate may restore part of the 
cut, but they are taking no chances. 
Previous plans for the baseline space 
station, known as level l ,  envisaged a 
crew of eight. Among the options now 
being considered, which have been 
informally dubbed level zero, is a 
scaled-down version that would have 
a crew of only four when permanent-

ly occupied in 1 996. Station pow
er would be halved to 38 kilowatts. 
Thrusters for keeping the station in 
its proper orbit might be fueled with 
hydrazine, a known technology, rath
er than with hydrogen and oxygen, a 
newer technology that offers better 
long-term efficiency. 

Just as the space station finds a 
clear purpose, then, NASA must enter
tain cost-cutting options that would 
drastically reduce the amount of re
search that the orbiting laboratory 
could support. The scaled-back plans 
do not bode well for the future of 
manned exploration in space. Both the 
space station and a permanent base 
on the moon-the latter NASA offi
cials maintain could be in place by the 
year 2 00 1 -are seen as valuable test
beds for long-duration life-support 
systems and for studies on the effects 
of extended space missions. In addi
tion, the space station could serve as 
a base for assembling spacecraft that 
would shuttle cargoes to and from the 
moon and ultimately Mars. 

NASA'S defensive maneuvers have 
unsettled the foreign partners in the 
space station: Canada, the European 
Space Agency ( ESA) and Japan. Their 
representatives were treated to a bu
reaucratic Freudian slip during a brief
ing in August on the level zero studies: 
a viewgraph that depicted only two 
modules in the initial configuration 
rather than four. ESA and Japan are 
each developing their own modules 
and had expected them to be part of 
the level 1 station. NASA officials say 
the viewgraph was a mistake and that 
no thought is actually being given to 
reducing the number of modules. The 
modules may be reduced in size, how
ever, to cut the number of shuttle 
flights needed to assemble the station. 
Providing fewer facilities for the first 
occupants is seen as preferable to de
laying the date of initial occupancy, 
one NASA analyst explains,  because 
the station can grow later. "It 's  the 
same program," he says, "but it 'll take 
longer to get there." 

Quite apart from the budget re
trenchment-should that prove nec
essary-the space-station design is 
being reevaluated in the light of the 
President 's Mars goal. A concern that 
has been raised repeatedly is that a 
station designed to lead toward a lu
nar base and Mars expedition-which 
would have to include treadmills for 
life-sciences research, bays for assem
bling spacecraft, fuel-storage facili
ties and so on-is not the same type 
of station that would be designed 
for materials-science research. Life
sciences research tends to produce 
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vibrations (from treadmills, for exam
ple), which are not at all desirable for 
materials science. 

Franklin D. Martin, head of NASA'S 
office of exploration, dismisses such 
technical criticisms as red herrings. 
He argues that careful scheduling 
should be able to avoid the worst 
clashes. The only obstacle he fore
sees is money. Martin points out that 
NASA'S budget represented 4 to 5 per
cent of the federal budget at the peak 
of the Apollo program; the figure to
day is 1 percent. Sending astronauts to 
Mars, he estimates, would require 2 to 
3 percent. "There 's never a good time, 
but we 're not a poor nation," he says. 
"It 's  very doable." -Tim Beardsley 

Who's Minding the Store? 
Central gene-research facility 
is nearly lost in NIH shuffle 

A 
the u.S. biomedical establish

ment embarks on a plan to 
spend roughly $ 3  billion over 

the next 1 5  years to sequence the ge
nomes of humans, animals and plants, 
it is scrambling to find a few million 
to store the information gathered and 
make it accessible to researchers. Bio
net, a computerized data-base, bulle
tin-board and electronic-mail system 
that currently serves about a quarter 
of the u.S. laboratories supported by 
the National Institutes of Health, is to 
be shut down September 30 because 
its managers have not precisely ful
filled the agreement under which it 
was funded. They worked too hard at 
simply providing services and spent 
too little money on their own research. 

According to Charles L. Coulter, pro
gram manager for Bionet at the NIH, a 
study team found that Bionet had not 
done enough software development
which he classed as research-to mer
it renewal of its grant. David Kris
tofferson of IntelliGenetics, Inc . ,  in 
Mountain View, Calif. , the company 
that runs Bionet, says his group was 
blindsided:  they were instructed to 
get other funding for most of their 
research and ended up presenting 
only their more speculative projects 
to the NIH reviewers. 

Richard H. Roberts of the Cold 
Spring Harbor Laboratory, a member 
of Bionet's advisory board, contends 
that the entire episode has been "a 
disservice to the molecular biology 
community." A central facility should 
never have been funded with such 
strings attached, he says. Unfortunate
ly, the NIH twice rej ected a proposal 
to establish Bionet through standard 
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WHAT'S BETTER THAN SPEED READING? 

SPEED LEARNING 
Speed Learning has replaced speed reading. It's a whole new way to read and learn. 

It's easy to learn ... lasts a lifetime ... applies to everything you read. 
It may be the most productive course you've ever taken. 

Do you have too much to read and too 
little time to read it? Do you mentally 
pronounce each word as you read? Do you 
frequently have to go back and reread 
words or whole paragraphs you just 
finished reading? Do you have trouble 
concentrating? Do you quickly forget 
most of what you read? 

If you answer "yes" to any of these 
questions-then here at last is the practical 
help you've been waiting for. Whether you 
read for business or pleasure, school or 
college, you will build exceptional skills 
from this major breakthrough in effective 
reading, created by Dr. Russell Stauffer 
at the University of Delaware. 

Not just "speed reading" -but speed 
reading-thinking-understanding

remembering-and-Iearning 

The new Speed Learning Program shows 
you step-by-proven -step how to increase 
your reading skill and speed, so you 
understand more, remember more and use 
more of everything you read. The typical 
remark from over one million people 
taking the Speed Learning program is, 
"Why didn't someone teach me this a long 
time ago." They were no longer held back 
by the lack of skills and poor reading 
habits. They could read almost as fast as 
they could think. 

What makes Speed Learning so successful1 

The new Speed Learning Program does not 
offer you a rehash of the usual eye
exercises, timing devices, costly gadgets 
you've probably heard about in connection 
with speed reading courses or even tried 
and found ineffective. 

In just a few spare minutes a day of 
easy reading and exciting listening, you 
discover an entirely new way to read and 
think-a radical departure from anything 
you have ever seen or heard about. Speed 
Learning is the largest selling self-study 
reading program in the world. Successful 

"I was extremely impressed with the 
course, and with the techniques it taught 
me. By utilizing these methods, 1 have 
more time to spend on important work. 
1 recently ordered another set for my 
son, a college student." 

Mike Gravel 
Fonner u.s. Senator 

"Speed Learning is the most outstand
ing course 1 have taken. It has helped me 
so much in my business and personal 
reading that 1 plan to give it to all my 
employees. " 

Vincent Clementi President The Oementi Organization 

with Fortune 500 corporations, colleges, 
government agencies and accredited by 18 
professional societies. Research shows 
that reading is 95% thinking and only 5% 
eye movement. Yet most of today's speed 
reading programs spend their time teach
ing you rapid eye movement (5% of the 
problem) and ignore the most important 
part (95%) thinking. In brief, Speed Learning 
gives you what speed reading can't. 

Imagine the new freedom you'll have 
when you learn how to dash through all 
types of reading material at least twice as 
fast as you do now, and with greater 
comprehension. Think of being able to get 
on top of the avalanche of newspapers, 
magazines and correspondence you have 
to read ... finishing a stimulating book 
and retaining facts and details more clearly 
and with greater accuracy than ever 
before. 

Listen-and-Iearn at your own pace 

This is a practical, easy-to-learn program 
that will work for you-no matter how 
slow a reader you think you are now. The 
Speed Learning Program is scientifically 
planned to get you started quickly ... to 
help you in spare minutes a day. It brings 
you a "teacher-on-cassettes" who guides 
you, instructs, encourages you, explaining 
material as you read. Interesting items 
taken from Time Magazine, Business Week, 

Wall Street Journal, Family Circle, N.Y. Times 
and many others, make the program 
stimulating, easy and fun ... and so much 
more effective. 

Executivies, students, professional 
people, men and women in all walks of 
life from 15 to 70 have benefited from 
this program. Speed Learning is a fully 
accredited course ... costing only 1/5 the 
price of less effective speed reading 
classroom courses. Now you can examine 
the same, easy, practical and proven 
methods at home ... in spare time ... 
without risking a penny. 

Examine Speed Learning 
FREE for 15 days 

You will be thrilled at how quickly this 
program will begin to develop new think
ing and reading skills. After listening to 
just one cassette and reading the preface 
you will quickly see how you can achieve 
increases in both the speed at which you 
read and in the amount you understand 
and remember. 

You must be delighted with what you 
see or you pay nothing. Examine this 
remarkable program for 15 days. If, at the 
end of that time you are not convinced 
that you would like to master Speed 
Learning, simply return the program and 
owe nothing. See the coupon for low price 
and convenient credit terms. 

No-Risk Guarantee 
If, after reviewing Speed 
Learning for 15 days, you 
are not delighted in 
every way, you may re
turn the materials in the 
condition you received 
them and owe nothing. 

r--------FREE TRIAL ORDER FORM---------, 
D YES! Please send me the complete Speed Learning program for a 15-day Free Trial. After the I 

Free Trial period, if I decide to take the course, I will pay for it in four monthly payments of I $30.00. (usually tax deductible). IfI decide not to improve my reading skills, I wIll return the 

I program and owe nothing. My complete satisfaction is guaranteed. 
o SAVE! I prefer to pay the fust payment of $30.00 now, and save $7.00 shipping and handling I 

charge. In decide not to improve my reading skills, I will return the program for a full refund. I My complete satisfaction is guaranteed. o Check enclosed (payable to Learn Incorporated) I o Charge my 0 Visa 0 Master Card D. American Express 0 Discover I �# �� I 
Signature Phone (--) I 
Name 

Address ___________________________________________________________ __ 

City ____________________________________ State ________ Zip --------

I 
I 
I 

• Plus $7.00 shipping and handling. New Jersey residents, please add sales tax. I Clip this order form and mail to: learn Dept DZ-27 I 'NCOAPOAATED 113 Gaither Drive, Mt. Laurel, NJ 08054-9987 

L _____________________________ � 
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funding channels, and the "coopera
tive research agreement" that is now 
running out was the only way to get 
money at all. 

Most of Bionet 's services are to be 
taken over by GenBank, a separate NIH 
facility also operated by IntelliGenet
ics. ( The shift, whose official authori
zation was still pending at press time, 
is being billed as a "natural evolution" 
of GenBank's capabilities.) Molecular 
biologists will be able to communicate 
with each other and retrieve stored 
gene and protein sequences, but they 
will be on their own when it comes to 
analyzing the data in detail. James C. 
Cassatt, the GenBank program manag
er at the NIH, says that researchers can 
buy analysis software that runs on 
their personal computers ; some pro
grams are even available gratis. Kris
tofferson, on the other hand, estimates 
that the cost of equipping all Bionet 
subscribers with equivalent computer 
hardware and software could go as 
high as $ 1 3 . 5  million. The price each 
user will be charged for GenBank's 
new services is still unsettled;  Bionet 
cost a flat $400 a year, whereas equiv
alent commercial services charge $40 
for an hour of computing. 

Also unsettled is how GenBank or 
any other central repository will cope 
with the flood of data-at least 1 00 
times the current amount-to be gen
erated by the Human Genome Project 
and other massive gene-sequencing 
efforts. Many molecular biologists say 
that much of the money spent on 
sequencing genes will be wasted un
less new methods and facilities are 
developed for retrieving and analyz
ing the data. GenBank's current con
tract runs for another three years, re
marks Mark S. Guyer of the NIH Office 
of Human Genome Research : "We 're 
only beginning to talk about what hap
pens then." -Paul Wallich 

PHYSICAL SCIENCES 

Cosmic Quarrel 
Fearless philosopher finds 
fly in the ointment of time 

T
heoretical physicists, equipped 
with counterintuitive percep
tions and a formidable math

ematical armory, are considered by 
philosophers to be armed and danger
ous. Their turf-however interesting
is usually avoided. Huw Price, a phi
losopher from the University of Sid
ney, belongs to a different breed. He 
has taken on Stephen W. Hawking of 

the University of Cambridge, one of 
the world 's leading cosmologists. The 
rift developed over whether Hawking 
has, as he claims, found a possible 
explanation for the arrow of time. 

Time occupies a strange place in the 
cosmological scheme of things. Most 
physical laws would allow the uni
verse to run equally well forward or 
backward. The major exception is a 
relentless tendency for the extent of 
disorder in the universe, or entropy, 
to increase. In his best-selling book A 
Brief History of Time, Hawking argues 
that the tendency toward entropy un
derlies the psychological experience 
that we know as time. He makes the 
connection by observing that living 
things can exist and record memories, 
thus gaining a sense of time, only by 
overcoming the rising tide of entropy 
within a local region. To do so, they 
have to use energy supplied by the 
sun. So, according to Hawking, the 
deeper question underlying our per
ception of time is: Why does the uni
verse at this stage of its evolution 
contain ordered structures such as 
the sun rather than just total disor
der-random radiation? 

Like most cosmologists, Hawking 
believes the known forces of nature 
can account for galaxies, stars and 
other ordered systems only if there 
was a big bang that started the uni
verse expanding rapidly from a very 
hot, dense and relatively organized 
state. Hawking and his supporters 
also think disorder will spread until 
the universe becomes a bland void 
that may eventually contract in a big 
crunch. Hence, for Hawking, the real
ly deep mystery about time is :  Why 
is the universe ordered at one pole 
of time (the one we call the big bang) 
but disordered at the big crunch? 
Why won't nature 's epic film run 
backward? 

Hawking finds his answer in a quan
tum-gravity model of the universe, a 
theoretical hybrid that combines rela
tivity and quantum physics. He has 
proposed that cosmologists should 
focus their efforts on a particular 
type of quantum-gravity model, one 
in which the history of the universe 
is finite in extent and in time but has 
no boundary. Such a universe lacks 
an edge or wall because space-time 
is curved; a straight line eventually 
meets itself. Hawking calculates that 
this "no boundary" proposal, together 
with some other assumptions, leads 
to the grand conclusion that the real 
universe is by far the most probable 
type : ordered at one end of time, ex
panding to a maximum extent and 
then, aeons hence, contracting once 
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more, yet becoming more disordered 
all the while. 

At this point Price charges into 
Hawking 's cosmological briar patch. 
Writing affably in the pages of Na
ture, he suggests that A Brief History 
of Time fails to explain how Hawk
ing finds the arrow of time embed
ded in his no-boundary proposal. The 
book, according to Price, teases the 
reader with a mystery that lacks a 
denouement. " It is as if we are assured 
that the butler did it, without being 
told how he overcame the evident ob
stacles (that he was incarcerated in 
Wormwood Scrubs at the time, for ex
ample)," he writes. 

Price argues that Hawking 's expla
nation for the arrow of time assumes 
what it sets out to show: that one end 
of time is different from the other. 
Price maintains that in a discussion 
about time, external final conditions 
are just as valid as initial conditions : 
any explanation for the high state of 
order at the moment of the big bang 
that is built into Hawking 's model 
should, he suggests, apply equally to 
the big crunch. And if Hawking 's mod
el assumes some kind of temporal 
asymmetry, Price says, then it does not 
explain the arrow of time. 

Hawking sticks to his guns. He 
writes to Scientific American that the 
no-boundary proposal does indeed ex
plain the arrow of time because it 
predicts, essentially, that a universe of 
any given size has two distinct, highly 
probable degrees of disorder. In the 
low-disorder state, entropy increases 
as the universe expands ;  in the high
disorder state, disorder increases as 
the universe contracts. Hawking inter
prets the low-disorder state as belong
ing to the early history of the universe 
and the high-disorder state as coming 
after the universe has started to con
tract. "He does not have to assume 
time," one Hawking sympathizer com
ments. " If he is right, this answers the 
question." 

Other cosmologists are not quite 
so sure. Don N.  Page of Pennsylva
nia State University, who collaborates 
with Hawking, observes that "it 's  not 
clear what fraction of simple mod
els of universes have an arrow of 
time." If the property of being sim
ple itself predicted an arrow of time, 
then Hawking's no-boundary proposal 
might not explain very much. 

Nevertheless, Page is confident that 
further work will clarify the situation. 
" It may be that Hawking 's argument is 
wrong for other reasons, but I don't 
think it's because he 's smuggling the 
arrow of time in there," he says. In 
fact, Page thinks, Hawking may have 
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The KODAK Optical Disk System 6800 ... 
for people with a lot to store, and not much time 
to process it. The system has the highest capacity 
and the highest transfer and access rates. 

If your business needs to store and retrieve significant 
amounts of image-intensive or alphanumeric data, 
specify the KODAK Optical Disk System 6800. 

It offers unparalleled storage capacity, flexibility 
and speed, in the smallest footprint per 
megabyte available today. The KODAK 
Automated Disk Library can put you on-line 
to over one terabYJe-that's 1000 gigabytes 
-of stored data in just 6.5 seconds. 
Available in several configurations, the 
library requires as little as 13 square 
feet of floor space. 

Additionally, the KODAK Optical Storage 
Interface can connect the system to a 
wide range of minicomputers or IBM''' main

frame host environments. 
For a complete package of 

information, call 
1 800445-6325, Ext. 993A. 

, 
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THE LIFESTYLE RESOURCE W 

r[The Lifestyle Resource gives you the facts necessary to make an informed purchase. Your 
1 satisfaction is our primary concern. If your purchase doesn't meet your expectations, return 
it in m'iginai condition within 30 days for prompt refund. 

THE BEST CORDLESS P HONE JUST GOT BETTER 

When a leading consumer magazine rated the FF-1700 
Cordless Phone tops for range and quality amongst 21 

brands and models in 1988, Southwestern Bell didn't rest on 
its cordless laurels. Instead, it went back to the drawing 
board and came up with something even better! The FF·1725 
Freedom Phone breaks the "mediocre sound" barrier of 
cordless phones, combining the outstanding speech quality 
and convenience features of its predecessor with amazingly 
clean, crisp sound within a range of 1000 feet. The base unit 
serves as a freestanding speakerphone with its own dial pad, 
you get two phones in one. Take or make calls around your 
home - even next door! Plus an 18-number memory, inter· 
com, paging, automatic redial, hold button and IO-channel SOtlthwfsiml Rell PFl725 01/ers- selection. Personalized security code protects line from ·1000joot /'(In!Je • IJearil/!J aid compatible 

• Hold button • lEi-number m .. II/'o1"l/ outside access. Free fi-yr. service plan. $179.95 #2131. 
• Intercom • Tone/pulse sll'ilchable Want even more freedom? The latest 
• Memory dialing • Pree S·l/ea.1" service plan answer from Southwestern Bell is 
the FA-1525 Telephone Answering Machine. Features dual·cassette operation for 
quality recording. Pick up any household extension and auto-disconnect feature 
interrupts outgoing message and resets tape. Beeper or beeperless remote 
operation, so you'l l  never miss an important call. Plus two-way record for 
conversations, call screening, household memo function and voice-activated 
record. Soft·touch keys are designed for easy operation. $129.95 #2141. 

CAB DRIVERS' SECRET 

ANew York City 
cab driver tipped 

us off about the 
Wooden Bead Seat's 
"mystical" massag
ing action. It enables 
you to sit for long 
periods of time with
out discomfort or 
fatigue - whether 

you're at a desk or in traffic. It works like 
modern-day acupressure, gently massaging your 
back and legs, stimulating tired muscles and 
improving circulation. lt creates a "zone of 
comfort" between you and the seat, allowing air 
to circulate so you stay cool in summer and warm 
in winter. The Wooden Bead Seat has health 
benefits, too. It's recommended by chiropractors 

because it supports the lower back and helps 
improve posture. The smooth lacquered 

wood beads are handstrung with 
�!:II�:a flexible, heavy-duty nylon cord. 

Our Wooden Bead Seat will keep 
you comfortable all year 

long. $29.95 #2690; 
Share the comfort -

two for $49.95 #2700. 

THE CLASSIC COMPACT FAN 

NEVER A DULL MOMENT 

T he new Chef 's 
Choice"' Profes

sional Model 110 
sharpener is on the 
cutting edge of knife
sharpening technol-

L--_______ -' ogy, honing kitchen, 
pocket, fillet and sporting knives to better
than-razor sharpness in minutes ... over the entire 
length of the blade! Patented bi-level magnetic 
guides hold knives at the precise sharpening angle, 
eliminating guesswork. Diamond abrasives safely 
sharpen steel or alloy knives in three stages to 
form a perfectly smooth, triple bevel edge that will 
stay sharp longer than conventional edges. World 
class chef Pierre Franey in his N Y. Times column, 
hailed the Chefs Choice"' as "unparalleled for 
putting an exceedingly sharp and long-lasting 
edge on knives of all kinM. Manufacturer's 

2-year limited 
warranty. UL 
listed, meas

ures 9" x 
'J'/s" x 4lh". 

$79.95 
white #2451; 
black #2455. 

S ince the Caframo Desk Fan was introduced only a few short years ago, it 
has earned its reputation as the best little compact fan. It can't be beat 

for circulating and freshening the air around you. Goes anywhere - on your 
desk, in the kitchen, out in a weekend cabin, or near a radiating woodstove. 

quiet, almost unnoticeable, highly energy efficient, 
Its patented blade-edge design absorbs impact and 

Inr,auan'o injury if accidentally touched. And it's well-made, to 
you years of steady service. Two-speeds; tilts to any angle; 

rubber feet prevent "crawling". Only 6Y2" high, 33 oz. light. UL 
listed. $39.95 #2600. 

WORTH WEIGHTING FOR 

F or over 60 years, 
Health 0 Meter" has 

been the leading manu
facturer of scales for 
those who demand 100% 
accuracy - doctors and 
other medical profession
als. Chances are, you've 
been weighed on one of 
them! Now Health 0 Meter 

has incorporated the advanced technology, supe
rior workmanship and unsurpassed accuracy of its 
finest physician-quality scales into a personal 
scale. The Professional Dial Scale features a huge 
(8" diameter), easy-to-read speedometer dial with 
large, bold numbers. A heavy-duty professional 
rack and pinion weighing mechanism ensures life
long accuracy and durability on any surface, and 
massive heavy-gauge steel platform and base sup
port up to 325 pounds. Color
coded weight minders help 
you work towards your 
goa\. With its tough, 
non-skid textured 
vinyl mat and sturdy 
feet, the Profes
sional Dial Scale is 
equally at home in 
the bathroom, bed
room or exercise 
room. Full 5-year 
manufacturer's war
ranty. 599.95 #2620. 

FRESH AIR MACHINES 

Th e  Bionaire  
500 is l i k e  

'"  :11.11' . .  1 :  \\',1.\', •• 

moving a moun-
tain breeze in
doors. Removes 
up to 99% of all 
particulate  air  BiDnaire 1000 

. -

, 

pollutants: soot, dust, animal dander, pollen, 
cigarette smoke, smog, molds and fungi. Every
body breathes more healthfully including allergy 
sufferers. The patented electret filter removes 
particles 1/10,000 the thickness of a human hair. 
Helps clean an average (100 sq. ft.) room three 
times an hour. Includes a switchable negative 
ion generator - negative ions are well-known 
for their presumed psychological good effects. 
Its attractive case with woodgrain finish mea
sures 11" x 7" x 5"; uses only 45 watts. The 
Bionaire 500 5139.95 #2710. A larger model 
Bionaire 1000, has three speeds and cleans 118 
CFM of air. Measures 14" x 8" x 8W' with a life
time steel housing. Bionaire 1000 $199.95 #2720. 
Both are UL listed. Manufacturer's I-yr. limited 
warranty. Set of two replacement filters for the 
500 $19.95 #2715; for the 1000 .95 #2725. 
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A WATCH FOR ALL REASONS 

This handsome digital-analog chronometer will 
swim with you (to a depth of 150 feet), fly with 

you, calculate your speed, wake you in the morn
ing, and tell you the day and date. A push of a 
button will convert the digital display to 24-hour 
timekeeping. All functions - digital and analog 
timekeeping, calendar, alarm, chronometer and 
tachymeter - are powered by a highly accurate 
electronic quartz movement. The analog hands 
and hour markers are luminous. The stopwatch 
times to '/,ooth of a second, and the rotating bezel 
can be used for such practical matters as telling 
you when the parking meter will need another 
quarter. Adjustable fit. $39.95. Teflon-coated 
durable black-matte anodized stainless steel 
# 1051; Stainless steel and gold-plated # 1061 . 

GOODBYE BACK PAIN 

M ore than 6.5 million 
Americans suffer from 

back pain daily . . .  and more 
than 8 out of 10 will eventu
ally suffer from it. Research 
has shown that 83% of back 
problems are caused by mus
cles that have become weak 
due to stress and lack of 

exercise. But that's 
actually good news, 

because it means that most back pain is prevent
able! The "Say Goodbye to Back Pain" video is 
derived from the YMCPis "¥'s Way to a Healthy 
Back" program which is based on research by 
noted back care expert, Dr. Hans Kraus. This 
doctor-recommended program is used at YMCPis 
nationwide, and has helped hundreds of thou
sands of people where other methods have failed. 
Scientifically proven to reduce or eliminate 
back pain in more than 80% of cases. Consult 
your doctor before beginning this six-week pro
gram of easy, relaxing and amazingly effective 
exercises which will help restore the strength 
and flexibility of your back ... no matter how long 
you've neglected it. 96 minutes. $39.95 #2370. 

THE LIFESTYLE RESOURCE ™ 

TAKE YOUR CONTACTS FOR A SPIN 
C ontact lenses - so convenient to wear ... so inconvenient to clean! The FDA 

found the risk of eye damage to be significantly reduced by proper lens 
care. The Clensatron .. , developed specifically to minimize prob
lems of lens care, is clinically proven to offer contact lens wearers 
an alternative to the traditional, "finger-rubbing" method which 
can scratch or tear lenses. Revolving at a rate of 150 cycles per 
minute, it thoroughly scrubs your lenses in two minutes, removing 
protein deposits and other contaminants that may damage your eyes. 
Works with hard, soft and gas-permeable lenses. Compact for travel, uses 
two AA batteries. AC adaptor included; UL listed. Manufacturer's I-yr . 
warranty. $59.95 #2680. 

ALLERGY AND COL D BUSTER 
Amajor scientific breakthrough - The Viralizer System - gives you relief from cold, sinus and 

allergy symptoms. It's the newest development of a concept pioneered at the Pasteur Institute in 
Paris. The cause of the common cold is the heat sensitive Rhinovirus family which lives and multiplies 

in the nose and throat. Viralizer delivers a gentle, controlled heat which 
pelletl�att�S the nose and throat and dispenses either of two mild, over-the

medicated sprays. Vira-Spray I is an analgesic, anti-bacterial 
spray. Vira-Spray II is a decongestant that relieves nasal con

gestion due to colds, hay fever, sinusitis or allergies. The 
Viralizer can produce effective relief by using it for only a 

few minutes, several times a day. Clinical tests prove the Vira
lizer System 90% effective in treating symptoms of upper 

respiratory infection. Doctor- recommended, the Viralizer 
works in 24 hours or less without pills. Safe for children and 

adults. Comes with a 3-pack refill of Vira-Sprays. $39.95 # 1691. 

P OCKET-SIZED MEM ORY 
The Atari Data Bank is the most innovative, 

easy-to-use, multi-function Data Bank in its 
class. No more fumbling through notes or phone 
books. Thuch a key and information is at your 
fingertips. Holds up to 50 names, numbers and 
memos in its 2K memory. Raised rubber keys for 
easy data entry, built-in clock with date display, 
8-function calculator and a secret function to 
safeguard confidential data, all on a 2-line 24-
character display! Offers a scroll feature for 
access to information, all in alphabetical order, 
or direct search for instant retrieval. Turns itself 
off if you forget. Atari's multi-function Data Bank 
is the perfect solution for a complete business 
and personal organization. $29.95 #2252. 

TO YOUR HEALT H 
Ancient Mandarins dating 

back 800 years believed that 
these Chinese Exercise 
Balls induced well-being 
of the body and serenity 
of spirit. These treasured 
gifts were given to Presi
dent Reagan and his 
wife while visiting the 

People's 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 exercise. Very effective for relaxa
tion and meditation, Chinese Exercise Balls emit a 
distantly mysterious chime as you turn them. 
Beautifully handcrafted, 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 #1702. 

F::D�Wmm���FEREE �:�D�J ��:� 800-872-5200 
DEPT SFAK09; 921 EASTWIND DR. SUITE 114: WESTERVILLE, OH 43081 ITEM NO OTY OESCRIPTION ITEM PRICE TOTAL PRICE 

SEND TO (PLEASE PRINT) 

ADDRESS 

CITY STATE liP 

o CHECKDRMDNEYORDER o MASTERCARD o VISA o AMEX SIGNATURE 

ACCl II 

ORDER WITH CONFIDENCE 
• Most orders ship within 48 hours of receipt. 
• Credit Card orders billed only upon shipment. 
• No risk 30 day return privilege. 

THE MEDIA DEVELOPMENT GROUP 

EXP DATE I Shipping Charge covers UPS, handling and insurance for guaranteed delivery. 
UPS Second Oay available for an additional $7.50 per order. 

BEl Up to $20 .... $ 3.95 $50.01 to $60 .. . $ 7.95 

� 
$20.01 to $30 .... $ 4.95 $60.01 to $70 .... $ 8.95 /iAIR $30.01 to $40 .. . $ 5.95 $70.01 to $100 ... $10.95 

2M $40.01 to $50 . .. $ 6.95 Over $100 .... $12.95 
Canadian residents we cannot accept mail orders, please call (614) 794-2662. 

SUB TOTAL 

SHIPPING 
(Seetabl. 
" I.ft) 

TOTAL 
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come on a truly profound insight. " If 
the time asymmetry is borne out by 
more complicated models, this would 
seem to be an amazing fact about the 
universe that this model might ex
plain . . . .  I know of no previous expla
nation for the arrow of time." - T.M.B. 

Out of Its Field 
How the neutron responds 
to a field that exerts no force 

N
eutrons, the nuclear particles 
that have no charge, and elec
trons, the primary carriers of 

negative charge, interact in a way that 
would have boggled even the mind of 
Michael Faraday, the father of electro
dynamics. To all appearances, a recent 
experiment by workers at the Univer
sity of Missouri at Columbia and the 
University of Melbourne in Australia 
suggests that a neutron can sense an 
electron from a distance without ex
periencing a force generated by the 
particles ' electric or magnetic field. 

Rather than a quantum leap of faith, 
belief in this subtle effect requires an 
appreciation of the elegant theoretical 
work of Yakir Aharonov and A. Casher 
of Tel Aviv University. The theorists 
hold that such an interaction is pos
sible because the electron creates an 
entity called a potential field, from 
which electric and magnetic fields can 
arise [see " Quantum Interference and 
the Aharonov-Bohm Effect," by Yoseph 
Imry and Richard A. Webb ; SCIENTIFIC 
AMERICAN, AprilJ. The potential field 
originally appeared in the theories of 
quantum mechanics and relativity as a 
matter of mathematical convenience, 
but the field had no known physical 
significance. Physicists no longer in
voke the potential just for the purpos
es of theoretical bookkeeping, howev
er. A pure potential field-one that is 
not manifested as a magnetic or elec
tric field-can influence the behavior 
of a neutron. 

How does the neutron sense the 
potential field? The neutron possess
es a magnetic moment, that is, it has a 
certain magnetic strength that acts in 
a particular direction. The neutron's 
magnetic moment is readily revealed 
when the neutron crosses a magnetic 
field. For instance, in the earth's mag
netic field, the neutron's magnetic 
pole precesses about 1 ,000 times per 
second. Aharonov and Casher posit a 
far more elusive effect: the interaction 
between a neutron and a pure poten
tial field. 

The task of detecting the Aharo
nov-Casher effect challenged the ex-

perimental team of Alberto Cimmino, 
Geoffrey 1. Opat and Anthony G. Klein 
from Melbourne and Helmut Kaiser 
and Samuel A. Werner from Missouri. 
Writing in Physical Review Letters, the 
workers report that they directed a 
beam of neutrons toward an electrode 
so that an individual neutron could 
pass either above or below it. In the 
realm of particle physics, one cannot 
know whether the neutron will take 
the top or bottom route without dis
turbing the experiment. Instead the 
neutron is described as a wave that 
encodes information about the proba
bility of the neutron being on either 
side of the electrode at a particular 
time. The neutron wave can be regard
ed as having been split so that it could 
travel above and below the electrode 
simultaneously. 

Both the upper and lower neutron 
waves are then directed toward a sili
con crystal, where they recombine and 
interfere. If the waves reinforced one 
another, the chance that the neutron 
would be observed was great. If the 
waves canceled each other out, then 
the chance that the neutron would be 
detected was small. 

By means of two detectors, the phys
icists counted the number of neutrons 
observed while the charge on the elec
trode was negative and then positive. 
Because in each state the electrode 
generated a different potential field, 
the upper neutron wave shifted with 
respect to the lower neutron wave. 
These shifts caused small changes in 
the way the neutron waves interfered 
and hence affected the number of neu
trons detected. 

During several months the workers 
observed about 50 million neutrons ; 
they found a change of about one 
count per 1 ,000 when the polarity of 
the electrode was switched. The inves
tigators say that although the result 
could not be explained in terms of 
ordinary electric and magnetic fields, 
it agreed with Aharonov and Casher 's 
predictions. -Russell Ruthen 

Low-Zone 
The infamous hole has 
influence beyond Antarctica 

T
he continent-size hole in the 
stratospheric ozone layer that 
forms every October over Ant

arctica has the saving grace that vir
tually no one lives under it. But a re
cent study, reported in Nature, con
firms what some researchers have 
suspected: parcels of ozone-depleted 
air drift away from the hole when it 
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breaks up in December and dilute the 
ozone over distant, inhabited regions. 
The researchers worry that the dilu
tion may cause increases in ultraviolet 
radiation levels just when people are 
out sunbathing, during the Southern 
Hemisphere 's  high summer. 

Roger j. Atkinson of the Austra
lian Bureau of Meteorology, R.  Alan 
Plumb of the Massachusetts Institute 
of Technology and their colleagues 
studied air movements in the South
ern Hemisphere during December, 
1 987,  a few months after the appear
ance of the biggest ozone hole ever 
detected. By combining satellite and 
ground-level data with analyses of 
wind patterns, the workers could track 
large bands of ozone-depleted air that 
pulled away from the hole. One band 
extended across  southern New Zea
land and southern Australia ; another 
skirted South Africa and swept over 
South America. The authors write that 
their tracking exercise produced "a 
strong prima facie case" that ozone
poor air from the hole contributed to 
recorq-low ozone levels of about 7 
percent below normal hovering over 
five major cities in Australia, New Zea
land and Tasmania. 

A 7 percent decrease in total ozone 
should raise ultraviolet levels at the 
ground by some 14 percent, accord
ing to Paul A. Newman, a member of 
the study team from NASA'S God
dard Space Flight Center. Even for one 
month, that is "highly significant," ob
serves Janice Longstreth of Clement 
Associates, an environmental consult
ing firm in Fairfax, Va. Longstreth 
suggests that such a decline would 
increase the number of cases of sun
burn and therefore enhance the risk of 
melanoma, an aggressive skin cancer. 
Sunsor, Inc. , in Pittsburgh is hoping 
to sell hand-held ultraviolet monitors 
to school authorities in Australia so 
that teachers can caution their charg
es to stay indoors on high-ultraviolet
level days. 

In another study published in Na
ture, David J. Hoffman of the Univer
sity of Wyoming and his colleagues 
report ozone depletion in association 
with polar stratospheric clouds (the 
same pattern seen in Antarctica) near 
the Arctic Circle. Such clouds are es
sential for rapid ozone depletion. Nor
mally the Arctic is not cold enough for 
them to form in significant amounts, 
but this year the Northern Hemisphere 
stratosphere was the coldest it has 
been for at least 2 5  years. The ozone 
depletion that Hoffman and his col
leagues detected in January (with in
struments on balloons launched from 
Kiruna in northern Sweden) was slight: 
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" Find us computers that will let us 
do many jobs at once, Sinkfield, and 
it'll be another feather in your cap? '  

How're you going to do it? 
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No one ever made their mark in business by doing just one thing 
at a time. So to stay competitive, you need your computers to do a lot 
of business tasks at once. 

The Genius Of Micro Channel. That's why I BM 
developed the Personal System/2 ® computers with Micro Channel:" 
Micro Channel is like a multilane highway, so information can 
travel in lots of directions at once. With optional bus master cards, it's 
l ike having many computers in one, some managing printers 
and fax machines, another busy calculating a spreadsheet and others 
working on graphics or transferring data. And Micro Channel 

IBM, Personal SySlem/2 and PS/2 are registered trademarks and Micro Channel and OS/2 are trademarks of International Business Machines Corporation, © 1989 IBM Corp_ 
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does all of this with remarkable speed and reliability. 
Naturally, a PS/2 @ with Micro Channel runs DOS applications, 
and add OS/2 to this equation, and the benefits of multitask
ing can make you and your people even more productive. 

The Solution Is IBM. The PS/2 with Micro Channel 
will provide you with solutions not only today but far into 
thc future. See your IBM Authorized Dealer or 
I BM marketing representative. For a dealer near you, 
call I 800 I BM-2468, ext. 139. And see how much 
more you can do when you PS/2 it ! 
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3 percent, compared with Antarctic 
depletions of 50 percent. - T.M.B. 

TECHNOLOGY 

Heavy-Ion Fusion 
A dark horse emerges in 
the race toward fusion energy 

A 
cold fusion pulls up lame, a 

more serious contender seems 
poised to break out of the 

pack in the fusion-energy competition. 
Called heavy-ion fusion, the technol
ogy would generate miniature ther
monuclear explosions by accelerat
ing charged particles of lead or other 
massive elements into capsules of hy
drogen isotopes. Many experts main
tain that this technique represents 
the only plausible means of harness
ing fusion ; it elicits praise even from 
those pursuing rival techniques, a rari
ty in this hypercompetitive field. Ste
phen E. Bodner, who directs laser-fu
sion research at the Naval Research 
Laboratory, calls heavy-ion accelera
tors "the only possible approach"-in 
addition to his own, of course-to a 
commercial fusion generator. 

Heavy-ion fusion is a latecomer to 
the field of inertial-confinement fu-

sion, which involves making hydrogen 
targets implode by blasting them with 
various types of radiation. Since the 
late 1 960's  the U.S. Department of 
Energy has invested about $ 2  billion 
in the field; its annual budget is now 
about $ 1 5 5  million. Most of the money 
has been spent building huge drivers, 
or radiation-generating machines, at 
the national nuclear-weapons labora
tories. Lawrence Livermore and Los 
Alamos laboratories are focusing on 
lasers and Sandia Laboratories on ma
chines that accelerate light ions such 
as lithium. 

Heavy-ion fusion, by contrast, has 
received only about $4 million a year 
since the Energy Department first be
gan funding it in the late 1 9 70 's. The 
Lawrence Berkeley Laboratory in Calif. , 
the prime U.S. facility for heavy-ion 
research, has built a small, experimen
tal heavy-ion accelerator. It generates 
beams whose energy totals only about 
a joule ; the machines at Livermore 
and Sandia produce beams many thou
sands of times more powerful. 

Nevertheless,  in the past few years 
the reputation of heavy ions has been 
quietly growing. In 1986 a review 
of the entire inertial-confinement-fu
sion field by the National Academy of 
Sciences concluded that "heavy-ion 
beams may well be the best eventu
al driver for energy applications." A 

Heavy-ion accelerators can fire rapidly, reliably 
and efficiently-valuable traits for a generator 

MULTIPLE-BEAM EXPERIMENT (MBE-4 )  is a heavy-ion accelerator at the Lawrence 
Berkeley Laboratory. Whereas most accelerators boost particles by means of 
powerful radio waves, the MBE-4 employs induction. Ions are generated in the box 
with the window at the left and accelerated in the red boxes at the right. 
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study by several Energy Department 
laboratories came to a Similarly op
timistic conclusion a year later. " It 
could be a case of the less we know 
about it the better it looks," says Don
ald J .  Dudziak of Los Alamos, who 
headed the study. "But no one has 
come up with a major problem yet." 

Proponents of heavy ions say this 
approach offers several advantages. 
The accelerators being considered for 
heavy-ion fusion are variants of those 
used for high-energy physics research; 
they can convert electricity into beams 
of energetic particles with great effi
ciency. The accelerators can also fire 
rapidly-hundreds of times per sec
ond in many cases-without breaking 
down. Ten shots a second would be 
more than enough for a commercial 
power generator. 

High-energy lasers, on the other 
hand, are notoriously inefficient and 
prone to breakdowns ; the Nova laser 
at Livermore, for example, typically 
fires only a few times a day. The chief 
advantage of heavy ions over the light
ion approach taken by Sandia is that 
fewer heavy ions are needed to pro
duce the same impact ; the heavy-ion 
beam is therefore much easier to fo
cus. Perhaps the biggest drawback of a 
heavy-ion generator would be its size. 
Denis Keefe, who heads the Lawrence 
Berkeley program, estimates that the 
accelerator for a commercial gener
ator would be some five kilometers 
long. "That scares some people," he 
acknowledges. "But then any fusion 
driver would be a big machine." 

The technology is being pursued 
in Japan, the Soviet Union and-most 
aggressively-Europe. West Germany's 
$400-million Institute for '-leavy-Ion 
Research in Darmstadt repr,-sents the 
most advanced heavy-ion facility in 
the world. With the encouragement of 
Nobel laureate Carlo Rubbia, the direc
tor of the European laboratory for par
ticle physics (CERN), Italy recently initi
ated an ambitious heavy-ion program 
at the School of Plasma Physics in Va
renna ; plans call for an eventual an
nual budget of $ 1 00 million. 

Several recent events could presage 
greater support for heavy ions in the 
U.S. Recently Robert O. Hunter, Jr. , 
the Energy Department 's director of 
energy research, proposed taking $ 50 
million from the program for magnet
ic-confinement fusion (in which a hy
drogen plasma is heated while being 
held in a powerful magnetic field) and 
giving it to the inertial-confinement
fusion program. Hunter also called for 
placing greater emphasis on the ener
gy applications of inertial fusion ; the 
official goal of the program is now nu-
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clear-weapons research. Finally, Con
gress has asked the National Academy 
of Sciences to review the potential of 
all inertial-fusion approaches, includ
ing heavy ions, for producing energy;  
a preliminary report is due in janu
ary. Keefe has his hopes up. "Heavy
ion fusion is too good an idea not 
to pursue vigorously," he says. -].H. 

Spacecraft on a String 
Satellite "tethers" could 
provide power and thrust 

I
n May, 1 99 1 , the future of space
flight could literally be hanging by 
a thread : a spaghetti-thin 20-kilo

meter cable stretching between the 
space shuttle Atlantis and a satellite 
in orbit. The Tethered Satellite System 
(T S S), a proj ect sponsored jointly by 
the National Aeronautics and Space 
Administration and the Italian Space 
Agency ( ASI ), will draw electrical ener
gy to the shuttle from the earth 's mag
netic field. If the Atlantis mission is 
successful, tethers may find applica
tions in adjusting the orbits of space
craft, recharging the batteries of fail
ing satellites and transporting wastes 
away from space stations. 

Although it sounds exotic, T S S  will 
work like any ordinary electric gen
erator in which coiled wire& rotate 
around a magnet. The motion of the 
conducting tether through the plan
et 's magnetosphere will induce a flow 
of current as electrons collected by 
the satellite from surrounding ionized 
gases move through the tether to the 
shuttle. The strength of the current is 
proportional to tether length; the 20-
kilometer tether on the first T S S  mis
sion should produce from 4,000 to 
5 ,000 electron volts of energy or about 
four kilowatts of power. 

"Of course, you don't get something 
for nothing," points out Thomas D. 
Stuart, the NASA program manager. 
"The energy has to come from some
where." Consequently, when current 
flows toward the shuttle, electromag
netic drag between the tether and the 
earth causes the shuttle to lose speed 
and altitude. Yet this loss points the 
way to a different application : if the 
direction of current flow is reversed, 
with the shuttle pumping electrons 
through the tether toward the satel
lite, electrostatic repulsion between 
the charged satellite and the ionized 
gases around it will cause the shuttle 
to gain altitude. Thus, T S S  could also 
serve as a source of thrust. 

The tether-a multilayered cable
that NASA and its prime contractor, the 

Martin Marietta Corporation, have cre
ated for the mission is only one tenth 
of an inch thick. At its core is a cop
per-wound, plastic filament that is 
surrounded for strength with braided 
Kevlar, the lightweight plastic used in 
bulletproof vests. The outermost lay
er is made of Nomex , a synthetic fiber 
that will protect against oxidation by 
the ionized gases around the orbit
ing spacecraft. The tether can hold up 
to 420 pounds without breaking, but 
it should experience only about 20 
pounds of tension. Ordinary fishing 
line can stand that much pull. 

NASA has completed work on the 
tether and on its deployment mecha
nism; tests of the deployer system will 
begin this November. ASI will start 
environmental tests on the satellite in 
january, 1 990. The first T S S  mission is 
scheduled for the May, 1 99 1 ,  shuttle 
launch. NASA and ASI are planning a 
second mission that could take place 
in late 1 994. On that flight, a tether 
1 00 kilometers long would be de
ployed to demonstrate the feasibility 
of tethered systems for upper atmos
pheric research. 

The T S S  missions have an interest
ing provenance. In 1 9 74 Mario D. Gros
si and Giuseppe Columbo of the Har
vard-Smithsonian Center for Astro
physics proposed in their " Skyhook" 
report that tethered satellites would 
have useful electrodynamic proper
ties. Credit also belongs to earlier vi
sionaries, including Yuri N. Artsuta
nov, a Soviet engineer. In the 1 9 5 0 's he 
proposed an elevator, or " funicular," 
traveling into space on cables 3 8,000 
kilometers in length that would ex
tend from the ground to a satellite in 
geostationary orbit. 

Modern materials are still too weak 
by an order of magnitude to support 
such a structure. Yet if the Atlantis 
mission and its possible follow-ups 
are successful, Artsutanov's dream 
may assume a slightly stronger tinge 
of reality. -John Rennie 

BIOLOGICAL SCIENCES 

Diluvian Tremens 
Policy initiatives could 
turn the tide on wetland loss 

, , 
F 

rom a geologist 's point of 
view, we 're sitting on a gold 
mine," says Shea Penland. 

To the layman it looks like a bayou : 
clapboard shanties, lush cow pastures, 
long fields stippled with young sug
ar cane and the muddy Mississippi, 
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trapped in a levee 1 2  feet high. As we 
drive upriver, Penland, a coastal geol
ogist at the Louisiana Geological Sur
vey, explains that by containing sedi
ment as well as water in the Mississip
pi, the levees are starving the southern 
Louisiana wetlands of the silt that 
would normally rebuild them-one of 
the many reasons the five-million-acre 
Mississippi delta is fast becoming part 
of the Gulf of Mexico. 

And for geologists such as Penland 
who have made coastal erosion and 
wetland loss their specialty, times are 
suddenly flush. This past summer the 
state legislature created a mechanism 
for funding wetland protection and 
restoration that should provide $ 2 5  
million in the next year ; i t  also creat
ed a cabinet-level position to adminis
ter the money and coordinate state 
and federal efforts. The move was in 
part an answer to growing constituent 
concern and in part an effort to con
vince the federal government of Loui
siana 's commitment to its own turf : 
Congress is currently conSidering bills 
that would send roughly $ 1 50 million 
a year to the state for wetland protec
tion and restoration. 

In Louisiana, home to 40 percent 
of the country's coastal wetlands and 
80 percent of its coastal-wetland loss, 
a battle is beginning that could have 
repercussions far from Cajun coun
try. Projections of global sea-level ris
es resulting from greenhouse warm
ing as well as from greater awareness 
of the value of wetlands-as wildlife 
habitats, sources of groundwater and 
sinks for floodwater-have put the 
wetlands '  plight on the national agen
da. In january the Environmental Pro
tection Agency formally adopted the 
goal of preventing the net loss of wet
lands in the continental U. S. ; the cur
rent EPA administrator, William K. Reil
ly, was president of the Washington 
conservation group that recommend
ed the objective. President Bush re
ferred to the "no net loss" pledge in 
his budget address in February and 
named a task force under the Domes
tic Policy Council to determine how to 
implement the pledge. 

The goal can be achieved by a num
ber of means. One unlikely extreme 
would be a complete halt to devel
opment on or near wetlands ;  the oth
er, equally unlikely, would involve the 
complete destruction of natural wet
land environments balanced by the 
construction of new wetlands. The re
sponsibility for deciding how much of 
each happens lies largely with the U. S. 
Army Corps of Engineers, the agency 
that issues permits for the develop
ment of coastal and riverine areas. The 
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Corps receives 1 5 ,000 individual per
mit requests a year ; the EPA provides 
the environmental criteria by which 
the Corps judges those requests and 
has the power to veto permits the 
Corps grants. The EPA says it puts 
more emphasis on avoiding the de
struction of existing wetlands than 
the Corps does, a point of contention 
between the agencies. 

"When you destroy an existing wet
land, you destroy the best guide you 
have to creating a new wetland," says 
Jon A. Kusler, executive director of the 
Association of State Wetland Managers 
and co-editor of a recent EPA report on 
the science of wetland creation and 
restoration. Such guides are preciou s :  
restoration projects are largely em
pirical, and Kusler says roughly half 
of them have failed so far in one re
spect or another. "The problem is that 
there are many types of wetlands, and 
they can be managed for many differ
ent functions," he says. Even though 
some of his colleagues have super
vised more than 200 restoration proj 
ects, he says "there are very few ex
perts in wetland restoration." 

Because each wetland site has a dis
tinct personality, a manager 's experi
ence with one site does not necessari
ly contribute to his or her understand
ing of another. Forested wetlands are 
harder to manage than marshes, and 
inland areas tend to be more complex 
than coastal ones. Different strategies 
promote the proliferation of certain 
kinds of vegetation or species of fish 
or songbirds. The flora and fauna of a 
wetland can be extremely and unpre
dictably sensitive to oxygen exchange, 
nutrient cycling, soil gradients and 
wave energy ; Kusler says there may be 
other critical parameters that have not 
been recognized yet. 

Those parameters that have been 
recognized are conspiring against the 
wetlands in southern Louisiana. Un
til it was leveed some 60 years ago, 
the Mississippi River routinely replen
ished the delta wetlands with almost 
200 million tons of sediment a year, 
compensating for the compaction of 
the loose delta soil. Now the river 
dumps its sediment beyond the conti
nental shelf, and in some places the 
land subsides at a rate of more than 
two centimeters a year. Offshore oil 
and gas extraction may also contrib
ute to the subsidence of the delta by 
undermining its substrate. 

Furthermore, the barrier islands a 
few miles off the coast are migrat
ing west, leaving the delta exposed 
to waves straight from the gulf. Navi
gation channels cut into the delta by 
oil and gas companies carry saltwater 

inland, killing trees and grass whose 
roots hold the bayou together. Some 
coastal experts even blame nutrias, 
ratlike rodents the size of terriers that 
were imported from South America to 
control the spread of water hyacinth 
[see "Waterweed Invasions," by Spen
cer C. H. Barrett, page 90] and ended 
up eating everything else, too. 

" Nowhere in the U.S. is the subsid
ence and erosion rate anywhere near 
the one in coastal Louisiana," says 
John W. Meagher of the EPA'S Office of 
Wetland Protection. The natives have 
a number of ways of quantifying it : a 
Rhode Island-size chunk gone in 20 
years, 5 0  square miles awash per year, 
a football field sunk every 1 5  minutes. 
In the wake of the legislature 's recent 
move, however, the apocalyptic mood 
has become more upbeat. "We 'll be 
building a coastal defense and res
toration industry that will be need
ed throughout the world as sea lev
els rise," says G. Paul Kemp, executive 
director of the Coalition to Restore 
Coastal Louisiana, whose 80 members 
include churches, chambers of com
merce and Indian tribes. "Louisiana 
will be a mecca for coastal engineers. 
They'll be seeing in 50 years what 
we're seeing today." -Karen Wright 

First Impressions 
Genes from mother 
don't equal genes from father 

E
xperiments and clinical observa
tions are leading to a revision of 
one of the basic tenets of Men

delian genetics : the principle that it 
makes no difference whether a gene 
was inherited from an animal 's moth
er or its father. 

As long ago as 1 9 5 9  Janice B. 
Spofford of the University of Chicago 
found a gene in Drosophila whose ef
fect differed depending on whether 
it came from the male or female par
ent. Like Mendel 's own discoveries, the 
observation was largely ignored. Now 
studies are picking up the theme, dem
onstrating that in mice, human beings 
and other species some genes are in
activated, in a process known as im
printing, when they are inherited from 
the parent of one sex but not when 
inherited from the other parent. The 
inactivation may last throughout an 
individual 's lifetime, but genes are 
"wiped clean" and reimprinted when 
they are passed on to subsequent gen
erations. Indeed, puzzling aspects of 
some human genetic diseases and 
cancers might find an explanation in 
imprinting. 
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One of the key observations con
cerned mouse embryos that contained 
either two sets of maternal chromo
somes or two sets of paternal chro
mosomes. Such embryos, which can be 
made by transplanting nuclei of ferti
lized eggs, always fail to develop. The 
failures of development are, however, 
very different in the two cases, indi
cating different roles for maternal and 
paternal DNA.  

Then two years ago Carmen Sapien
za of the Ludwig Institute for Cancer 
Research in Montreal and M.  Azim Su
rani of the Institute of Animal Physi
ology and Genetics Research in Cam
bridge, England, showed independent
ly that in mice the sex of the parent of 
origin determines to what degree the 
DNA of an inserted foreign gene is 
chemically modified by methylation
the addition of a methyl (CH 3 )  group 
to certain components. Genes from 
one parent, in other words, are more 
readily methylated than are genes 
from the other. Methylation is a major 
mechanism of gene regulation, and so 
such selective chemical modification 
may possibly explain how imprinting 
is achieved, although little is known 
about the process. 

Newly available techniques seem to 
be making clinical workers as well 
as mouse geneticists aware of the dif-
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BOYS CLUB. 
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BOYS CLUB 

ferent roles of maternal and paternal 
genes. Sapienza and others have es
tablished that in Wilms ' tumor, a can
cer of the kidney in which malignant 
cells characteristically lose all or part 
of chromosome 1 1 , the loss usually 
turns out to involve the maternally 
inherited chromosome, not the one 
inherited from the father. 

Sapienza and others have evidence 
that imprinting is involved in oth
er tumors, including rhabdomyosar
coma, a muscle tumor, and some cas
es of retinoblastoma, a heritable eye 
tumor. Sapienza says he has indica
tions that the primary defect in some 
cases of retinoblastoma may lie not 
in the known retinoblastoma gene 
site but in a different regulatory gene 
that is responsible for imprinting oth
er genes. "What you 're inheriting is an 
aberrant imprinting mechanism," he 
suggests. 

In a literature search for paren
tal effects, Judith G. Hall of the Uni
versity of British Columbia found nu
merous examples among genetic dis
eases, both in humans and in mice. 
She believes many of them could 
be explained by imprinting ; for ex
ample, the mechanism might explain 
why patients who inherit the gene for 
Huntington's disease from their fa
ther sometimes acquire a more severe 
form of the disease that begins earlier 
in life than do those who inherit it 
from their mother. The reverse is true 
of myotonic dystrophy. Nancy S. Wex
ler of Columbia University, president 
of the Hereditary Disease Foundation, 
is now examining Huntington's pedi
grees for evidence of imprinting. 

" Imprinting is a genuine phenome
non, and it has not been well delin
eated hitherto," comments Victor A .  
McKusick of Johns Hopkins Universi
ty, perhaps the preeminent authority 
on human genetic diseases. " However, 
I would not want to give the impres
sion that it turns Mendel upside down 
or that it 's anything revolutionary; it 's  
a phenomenon that explains some of 
the irregularities of transmission of 
genes in families." - T.M.B. 

Trans-Kingdom Sex 
E .  coli mate with yeast ! 
(Will Jesse Helms cut off funds?) 

B
acteria are a promiscuous lot. 
These primitive prokaryotes lack 
not only nuclei but also the in

hibitions that bar eukaryotic species
from yeast to humans-from breed
ing with one another. Indeed, differ
ent species of bacteria commonly get 
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into each other 's genes through a 
process called conjugation. It begins 
when one bacterium, the donor, press
es against another, the recipient. A 
pore opens between the cell walls, and 
the donor slips a ring of DNA known 
as a plasmid through the pore and 
into the recipient. The recipient takes 
up the new DNA and passes it on to all 
its descendants, which are generated 
through the more traditional form of 
reproduction-cellular division. 

Might the sexual propensities of 
bacteria extend even to eukaryotes? 
Biologists have long known that at 
least one species of bacterium is able 
to manipulate the genes of eukaryot
ic cells. Called Agrobacterium tume
{aciens, this much studied pathogen 
causes plant cells to form tumors, 
which in turn produce nutrients that 
nourish the bacterium. Until recent
ly many investigators thought this 
case of . natural genetic engineering 
involved a unique, highly specialized 
mechanism. Then three years ago Pa
tricia C. Zambryski of the Universi
ty of California at Berkeley and oth
er workers discovered that A. tume{a
ciens alters the genes of plant cells 
in essentially the same way that bacte
ria alter each others '  genes-through 
conjugation. The finding suggested 
that bacteria might be even more pro
miscuous than anyone had supposed. 

Inspired by the work of Zambryski 
and her colleagues, Jack A .  Heinemann 
and George F. Sprague, Jr. , of the Uni
versity of Oregon began investigat
ing whether Escherichia coli, a bacteri
um common to human digestive tracts 
and a favorite subject for biologists, 
could conjugate with yeast, a eukary
otic denizen of the plant kingdom. The 
workers first altered the genome of 
the yeast cells so that they could no 
longer synthesize leucine, an amino 
acid needed for growth and reproduc
tion. They then introduced a leucine
producing gene into the E. coli, along 
with other DNA sequences known to 
promote conjugation among bacteria. 
When placed in a petri dish with the E. 
coli, the yeast cells quickly regained 
their ability to grow and reproduce. 
Evidently, Heinemann and Sprague re
port in Nature, conjugation had tak
en place. 

This finding of yet another case of 
trans-kingdom sex has important im
plications for biotechnology. It sug
gests that, perhaps with some prod
ding, many kinds of bacteria might 
serve to insert genes into many kinds 
of eukaryotic organisms. A. tume{a
ciens has already become such a 
tool-in the hands of researchers try
ing to make crops more resistant to 
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disease or drought, for example-but 
it has certain limitations ; most nota
bly, it cannot mate with so-called mon
ocots, which include wheat, corn and 
other important cereals. " Conjugation 
involving other bacteria might provide 
a way to introduce genes into mono
cots," Sprague says, "and possibly into 
animal cells." 

To change an animal 's genome, 
Sprague notes, a bacterium would 
have to conjugate with one of the 
animal 's germ cells-an egg or sperm. 
How likely is it that such a union 
would happen in nature, and what 
would be its outcome? The answers 
to these questions could have a pro
found bearing on evolutionary theory, 
which now holds that eukaryotic spe
cies evolve as a result of random ge
netic mutations. Zambryski and Scott 
E. Stachel of Genentech, Inc . ,  remark 
in a comment accompanying Heine
mann and Sprague 's report in Nature 
that "trans-kingdom conjugation, un
like interspecies mythological mat
ings, will give rise to neither mino
taurs nor satyrs. Nevertheless, it might 
mediate a low level of horizontal gene 
transfer in eukaryotes. It remains for 
future experiments to . . .  deduce what 
roles such disparate sex might play in 
nature." It 's enough to make a eukary
ote blush. -].H. 

MEDICINE 

Sudden Impact 
Why a little heart disease 
can be worse than a lot 

H
ere is something else to 
worry about. People in whom 
heart disease has just begun 

to develop and so has not produced 
symptoms run a higher risk of dying 
if they suffer a heart attack than do 
people in whom the disease is more 
advanced. 

A report in the New England Journal 
of Medicine links this "fascinating but 
disturbing fact" to the body's complex 
response to heart disease. Heart dis
ease commonly begins when plaque 
accumulates on the inner walls of the 
coronary arteries, which causes them 
to narrow. Eventually, this narrow
ing results in the reduction of blood 
flow through the arteries, a condition 
known as ischemia. In many people, 
however, as ischemia becomes more 
severe, the collateral arteries feeding 
the heart begin to enlarge, compensat
ing to an extent for the diminished 
capacity of the primary arteries. 

People whose disease has pro
gressed to this point have two ad-

vantages. First, their disease can be 
readily detected-by a cardiogram , 
for example, or by their own sensa
tion of chest pains, known as angina
and treated. Moreover, if a main coro
nary artery is suddenly blocked, the 
enlargement of the collateral arteries 
softens the blow of the resulting at
tack, or myocardial infarction. 

Conversely, those in whom ische
mia and the resulting enlargement of 
the collateral arteries have not yet oc
curred have a double disadvantage. 
They show no signs of trouble and so 
have no reason to take remedial ac
tion. If blockage of a main coronary 
artery does occur, its effects are likely 
to be devastating, because the collat
eral arteries provide no backup. 

That is why the "total number of 
deaths occurring over time in an 
asymptomatic population screened by 
stress testing is far greater among 
subj ects with negative tests than 
among those with positive tests," 
write Stephen E. Epstein, Arshed A. 
Quyyumi and Robert O. Bonow of the 
National Heart, Lung and Blood Insti
tute in Bethesda, Md. There is no prac
tical way to identify those at risk of 
out-of-the-blue attacks so that they 
can be treated, according to the au
thors. Such fatalities can only be re
duced, they conclude, if more people 
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take steps, dietary or otherwise, to 
avoid heart disease entirely_ -].H. 

Status Symbol 
Affluent women have cesareans 
more often than poor women do 

I
n a perfect world, everyone would 
receive the same medical care re
gardless of his or her economic 

status. A study described in the New 
England Journal of Medicine reveals 
that when it comes to childbirth, reali
ty diverges widely from this ideal. 

The study focused on 245 ,854  wom
en who delivered a child in Los An
geles County during 1982  and 1 98 3 .  
O f  this group, 1 7.8 percent underwent 
a so-called primary, or first-time, ce
sarean section. ( The study excluded 
women who had previously under
gone a cesarean, because abdominal 
delivery is usually-and sometimes 
needlessly, some obstetricians now 
say-prescribed for them.) 

Using birth certificates, hospital rec
ords and U. S. census data, the investi
gators found that the rate at which 
cesareans were performed rose and 
fell with the patients ' income. Only 
1 3 .2  percent of women with a median 
family income of less than $ 1 1 ,000 
received cesareans ; of those whose 
income exceeded $ 3 0,000, 2 2 .9 per
cent underwent the procedure. The 
correlation held up independently of 
other potentially significant factors, 
such as maternal age, ethnic back
ground, fetal weight and previous 
childbearing experience. 

The investigators had expected low
income women to exhibit more of the 
complications-signs of fetal distress,  
for example, or prolonged labor-that 
necessitate a cesarean. After all, poor 
women are much less able to obtain 
proper prenatal care than are afflu
ent women. But records indicated that 
poor women had the fewest reported 
complications and affluent women the 
most. This finding, according to the 
investigators-Jeffrey B. Gould, Becky 
Davey and Randall S. Stafford of the 
University of California at Berkeley
may result from "the overreporting of 
complications in the affluent or the 
underreporting of complications in 
the poor." 

The implications of the study are 
all too clear, according to Sidney M. 
Wolfe of the Public Citizen Health 
Research Group, a consumer advoca
cy group. Physicians overdiagnose 
complications in affluent childbearing 
women and then overprescribe cesar
eans, Wolfe asserts, because the sur-
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gical procedure provides a bigger pay
off than vaginal delivery does. Indeed, 
he charges that avarice on the part of 
hospitals and phYSicians is largely to 
blame for the fourfold increase in 
the rate of cesareans in the U. S. since 
1 9 70. Physicians have less incentive to 
perform cesareans on poor women, 
Wolfe adds, because the financial com
pensation is usually less. 

Mortimer G. Rosen, who heads the 
department of obstetrics and gyne
cology at the Columbia-Presbyterian 
Medical Center in New York City, 
agrees with Wolfe that cesareans are 
overprescribed for affluent women 
but sees factors other than greed be
hind the phenomenon. He points out 
that whereas P90r women are usually 
treated by whoever happens to be on 
duty when they arrive at the hospital, 
affluent women often retain a private 
obstetrician. These obstetricians have 
more emotional interaction with their 
patients, Rosen says, and they are 
much more likely to be sued for mal
practice if something goes awry. ( Ob
stetricians in general pay higher mal
practice insurance rates than most 
other types of physicians.) As a result, 
Rosen says, private obstetricians are 
often too quick to see trouble during 
labor and delivery and to recommend 
the surgical remedy. 

So affluent women receive too many 
cesareans. Do poor women receive 
too few ? Rosen says that rarely are ce
sareans clearly called for (for exam
ple, when vaginal delivery might lead 
to brain damage in the infant) but 
not performed. Ironically, he observes, 
poor women may receive more ju
dicious care-at least when it comes 
to method of delivery-than affluent 
women do. -].H. 

OVERVIEW 

Glass Menageries 
Can cryopreservation freeze the 
assets of endangered species? 

W
ithin the next 200 years 
an estimated 8 1 5  species of 
mammals will slip irretriev

ably into extinction, unless specimens 
can be successfully bred in captivity. 
The ultimate success of such efforts 
may depend on the use of reproduc
tive biotechnology to breed animals in 
sufficient numbers so that they can 
recapture their niches when they are 
returned to the wild. Techniques such 
as in vitro fertilization, cryopreserva
tion of sperm and eggs, and surrogate 
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mothering in hospitable host species 
are the focus of intensive research, 
because they offer the hope of over
coming serious difficulties that ham
per natural breeding programs. 

The National Zoological Park in 
Washington, D.C. ,  which is celebrat
ing its l OOth anniversary this year, 
has emerged as a major center for re
search in such work. Workers at the 
zoo's New Opportunities in Animal 
Health Sciences Center are not under
estimating the obstacles. "There 's not 
an example of any species that is any
where near being saved from extinc
tion by the use of reproductive bio
technology," says David E. Wildt, the 
zoo 's chief reproductive physiologist. 
" I 'm concerned that people will start 
believing this is going to be simple, 
but it 's not going to be simple." 

In principle, artificial insemination 
and in vitro fertilization ( IVF ), aided 
by the freezing of germ plasm and 
embryos, can alleviate two problems 
that plague all efforts to increase the 
size of very small populations, such 
as those facing extinction. One is in
breeding and the other is loss of genes 
from the gene pool. Inbreeding tends 
to amplify genetic defects, leading to 
early death and reduced fertility; in
breeding also contributes to the loss 
of genes, which reduces the long-term 
fitness of a species. Sperm and eggs 

frozen in liqUid nitrogen can be used 
to mitigate such effects by breeding 
animals from different sides of the 
world or even from widely separated 
generations. Frozen embryos can also 
be stored until a suitable recipient 
mother is available. C. Earle Pope of 
the Cincinnati Zoo notes IVF could be 
particularly effective in species, such 
as big cats, for which mating in captiv
ity is difficult or dangerous. 

In addition, when there is a shortage 
of females of a diminishing species, 
embryos can in principle be implanted 
in females of a closely related species. 
One hope for the future is that a way 
will be found to broaden the range of 
foster species. The rule of thumb is 
that only species that can hybridize 
can foster each other 's offspring, ac
cording to the National Zoo 's Mitchel 
C. Schiewe. But published experiments 
suggest that some of the barriers to 
interspecies embryo transfer might be 
circumvented by transplanting an ear
ly embryo 's inner core of cells into the 
tissue that gives rise to the placenta in 
a different species. 

When might artificial-breeding tech
niques bear animals? There have al
ready been some impressive achieve
ments. The San Diego Zoo has hatched 
rare Chinese Monal pheasants pro
duced by artificial insemination. At 
the Cincinnati Zoo a bongo calf has 

Most members of the cat family are suffering 
ill effects from a loss of genetic diversity 

MAlFORMED SPERM CELLS {rom the leopard cat, a small Asian cat, illustrate a 
problem that afflicts most felids. The leopard cat is actually less affected than most 
cat species: 60 percent of its sperm cells are normal, whereas in other species 60 
percent are abnormal. Photographs by ]oGayle Howard. 

38 SCIENTIFIC AMERICAN October 1989 

been born from a surrogate eland 
mother, and an Indian desert cat was 
fertilized in vitro and brought to term 
by a domestic cat. Both the San Diego 
and the Cincinnati zoos have banked 
sperm, eggs and other cells from doz
ens of rare species in liquid nitrogen 
for research purposes and in the hope 
that they will preserve genetic diver
sity. National Zoo researchers helped 
to produce a Suni antelope by nonsur
gical embryo transfer and are now es
tablishing an embryo bank. 

Yet in practice the biology of rare 
species is so idiosyncratic that only 
in a few well-studied cases can arti
ficial techniques be relied on, accord
ing to Wildt. There are numerous ob
stacles. Little of the frozen semen in 
"frozen zoos" has been shown to be 
viable when thawed, for example. And 
the conditions needed to freeze and 
thaw embryos successfully vary even 
between strains of the same species. 

Merely discovering the timing of 
the estrous cycle in an exotic spe
cies-essential for knowing when to 
implant embryos or to collect eggs
can be a challenge. " Species tend to 
be more different than similar," says 
Steven L. Monfort, an endocrinologist 
at the National Zoo 's Conservation 
and Research Center, who is studying, 
among other creatures, Eld 's deer, the 
golden lion tamarin and Dall 's  sheep. 

Some high-strung animals cannot 
even be restrained long enough to 
take a blood sample without caus
ing trauma, and so Monfort and his 
colleagues have developed methods 
of measuring hormone metabolites 
in urine and feces. Even those efforts 
are sometimes inadequate. In order to 
learn about the reproductive cycle of 
the endangered scimitar-horned oryx, 
which researchers hope will someday 
foster the even more threatened Ara
bian oryx, workers have to pen fe
males with a vasectomized male and 
watch their behavior. 

The National Zoo 's research pro
gram reflects Wildt 's philosophy that 
the variability between species means 
far more basic research is needed be
fore artificial-breeding techniques can 
routinely help to save rare species. 
"We 're coming to a consensus that the 
major zoos ought to identify a few 
keystone species that will be used for 
a data base on the basic reproductive 
biologies and then see how far we can 
take it," Wildt says. 

The strategy rests on the hope that 
there will be physiological similarities 
within taxonomic categories-among 
all cats, for example. At the National 
Zoo and at the Cincinnati Zoo, domes
tic cats are being studied as models 
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for reproduction in the other 36 mem
bers of the cat family, all of which 
are endangered and suffer from high 
rates of sperm defects caused by loss 
of genetic diversity. Cat embryos can 
now be frozen, thawed and success
fully reimplanted to produce kittens. 

The lessons seem to have been valu
able. National Zoo researcher Annie M.  
Miller recently implanted tiger embry
os produced by IVF into four tigress
es, which may now be pregnant ; she 
hopes eventually to use Siberian and 
Bengal tigers as surrogate mothers for 
the much rarer Sumatran tiger. Like
wise, IVF research on pumas has made 
it possible to produce embryos of the 
rare Florida panther. Eggs and sperm 
are now being extracted from pan
thers found killed on highways. 

Other species may yield to the ap
proach. JoGayle Howard of the Nation
al Zoo is studying domestic ferrets as 
a model for the critically endangered 
black-footed ferret. Even so she must 
cope with technical problems. Freez
ing sperm is far from straightforward :  
the optimal rate o f  cooling and the 
type of "cryoprotectant " (antifreeze 
used to prevent ice crystals from dam
aging the cells) are critical and vary 
from one species to another. Howard 
needed three years to develop a tech
nique for artificial insemination of fer
rets with thawed semen, a procedure 
that must be done surgically. 

Reproductive investigators readily 
agree that no amount of technology 
can safeguard a species if there is no 
habitat left to which the animals can 
be returned. "Habitat preservation is 
the most important thing anybody can 
do," Monfort says. Wildt emphasizes 
that field research to identify threat
ened species early and study them in 
the wild is essential if breeding pro
grams are to make a difference. 

Then there is the bottom line. With
out money, rescues will be as rare as 
the Florida panther. "People don't un
derst;md that you 've got to have a lot 
of money" if artificial-breeding tech
nologies are to realize their potential, 
Wildt says. He points out that artificial 
insemination and embryo transfer in 
cattle became routine only through 
the efforts of hundreds of research
ers and the expenditure of millions of 
dollars. The worldwide effort for en
dangered species, in contrast, is car
ried out by a handful of groups. 

"People tend to think these repro
ductive technologies are going to save 
the world, and they're not," Monfort 
adds. "We 're only going to be able to 
target a few species . . . .  If I was respon
sible for just one species, that would 
be really something." - Tim Beardsley 

Ask any bartender about the Tennessee Wyooter. He can g ive you the who le  story, too. 

OCTOBER IN TENNESSEE is when the hills 
grow darker and the stories taller. 

The man in the wide-brimmed hat has a good one 
about the Tennessee Wyoot� a barn-big critter 
who roams these hills under October moons. And 
though there are those who question his 
story, he'll have you hanging on every 
word. Of course, these same old hills 
are legitimately famed for good 
whiskey. Drinkers call Jack Daniel's 
the smoothest there is . And, after 
a sip, there aren't any questions 
about that. 

S M O O T H  
T E N N E S S E E  

S I P P I N ' 
W H I S K E Y  

Ten n essee W h iskey . 40·43% a lcohol  by vol ume (80·86 p rooO • Dist i l led and  Bottled by 

Jack Danie l  D ISt i l l e ry. Lem Motlow. Propr ietor. Route 1 .  Lync h b u rg (Pop 361). Tennessee 3 7 3 5 2  
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You don't want to buya used car from Aetna. 
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A l ittle while back, John Barracato went out car shopping. 
He bought ten. 

Then he did somethi ng real ly unusual. 
He torched them. 

You see, John is one of America's leading arson experts. Not coinci 
dental ly, he also leads Aetna's Fire and Fraud Investigation Team. 

And because he burned those cars, law enforcement agencies nation
wide can more easi ly detect the difference between accident and arson. 

As a result, this research has had the beneficial effect of putting more 
arsonists behind bars. 

More tangibly for Aetna's customers, John's team is saving m i l l ions 

of dollars every year by identifying attempted arson and prosecuting the 
criminals who attempt to profit from it. 

No other i nsurance company that we know of goes to the some
times extreme lengths that Aetna does in order to fight fraudulent claims. 

But that works to the advantage of every one of our 
customers who i nvest i n  one of our i nsurance pol icies. 

If not one of our many used cars. 
AETNA. WE GIVE NEW MEANING TO THE WORD DILIGENT. 

© 1989 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
AMERICAN October 1989 Volume 261 Number 4 

The Quiet Path 
to Technological Preeminence 

The U. S. government is relying on ambitious research projects 
to spur commercial competitiveness. Instead it should speed the 

commercialization of new technologies wherever they may be developed 

�armed by the continuing erosion 
of America's position in world 

markets, the U.S. government 
has embarked on ambitious research 
and development projects thought to 
have important commercial applica
tions. Although neither the Reagan 
nor the Bush administration has an
nounced it as such, the initiatives of 
the past three years amount to a major 
change in direction: policymakers oth
erwise devoted to the free market are 
pursuing what is in effect a target
ed industrial policy for high technol
ogies. Some of the projects may be 
motivated more by political consid
erations or the interests of pure sci
ence than by commercial require
ments. Nevertheless, each has been 
justified to the public in terms of the 
nation's competitive needs. 

In January, 1987, for example, the 
Reagan administration approved a 
$4.4-billion plan for a superconduct
ing particle accelerator; a White House 
official deemed the project "critical" 
to the nation's future competitiveness 
and predicted that American compa
nies would benefit from its spin-offs. 
Later in the year the president an
nounced a "superconductivity initia
tive" aimed at developing practical 
applications for superconducting ma
terials and called the technology 
"absolutely essential to our future 
competitiveness." 

Early in 1988, warning that Japa
nese supercomputers were already on 

by Robert B. Reich 

the market "with better performance 
than expected," the White House un
veiled a five-year, billion-dollar "high
performance computing strategy." 
The administration also announced 
that the Defense Advanced Research 
Projects Agency (DARPA) would con
tribute $100 million a year to SEMA

TECH, a joint research venture by lead
ing U.S. semiconductor makers. 

Soon thereafter, initial construction 
contracts were awarded for the space 
station, buttressed by claims that 
the orbiting laboratory would be "vi
tal to enhancing the nation's interna
tional competitiveness in the decades 
ahead." This year has been marked by 
a sudden focus on high-definition tel
evision: DARPA has proposed a two
year, $30-million research program to 
develop the technology, and the Bush 
administration is considering plans to 
grant antitrust immunities and tax 
breaks to American firms that produce 
HDlV equipment. 

This high-visibility strategy for re
storing U.S. technological prominence 
appears to require not only ever-great
er government expenditures on the 
research and development of new 
technologies but also special incen
tives to boost private-sector research 
and development spending in areas 
not covered by such projects. Some 
policymakers are urging increased tax 
credits for research and development 
to spur commercial R&D spending. 
They point out that the portion of the 

gross national product devoted to re
search and development is lower to
day than it was 20 years ago and that 
commercial R&D makes up a smaller 
part of America's GNP than it does in 
either West Germany or Japan. 

T he alarm expressed by U.S. 
policymakers over the nation's 
loss of competitiveness in glob

al high-technology markets is not mis
placed. The U.S. share of the world 
semiconductor market, for example, 
dropped from 50 percent in 1984 to 
37 percent in 1988 while Japan's share 
rose to more than 45 percent. Ameri
can companies have virtually stopped 
selling dynamiC random-access mem
ory chips on the open market, and 
American makers of semiconductor-
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manufacturing equipment are closing 
shop. japan is taking over these fields. 
America's share of the world market 
for the consumer electronics prod
ucts that incorporate a large fraction 
of semiconductors-products such as 
videocassette recorders, motor-driven 
35-mm autofocus cameras and com
pact disk players-has dropped to 
about 5 percent since 1975; japan's 
share has risen from about 10 percent 
to more than 25 percent. No U.S. com
pany manufactures fax machines, for 
which the world market grew to $3 
billion in 1988; again japanese compa
nies are in the forefront. japan now 
dominates the numerically controlled 
machine-tool industry. japanese com
panies are far ahead of American ones 
in the commercialization of hig!1-defi
nition television. Recent government 
studies warn that japan is also ahead 
of the U.S. in applying superconduct
ing materials. 

In 1986 America's trade balance 
in high-technology goods such as 
semiconductors and communications 
equipment turned negative for the 
first time since data have been collect
ed on high-technology trade. In 1987 
and 1988, despite a sharp drop in 
the value of the dollar with respect 
to foreign currencies, the U.S. posted 
only a modest surplus in high-tech
nology trade. This poor performance 
has been caused partly by Americans' 
desire for imported goods of all kinds 
but mainly by a loss of competitive
ness in world markets. 

Will the new path of ambitious re
search and development projects re
store America's technological lead? It 
seems doubtful. The U.S. already leads 
the world in the quantity and quality 
of its research and development, but 
this lead has not yielded commercial
ly competitive products. America's re
search universities, taken as a whole, 
are the best in the world. The research 
laboratories of America's largest cor
porations are unrivaled. American re
searchers write more than a third of 
all scientific and technical articles pub
lished around the globe, and they re
ceive more U.S. patents than the rest of 
the world combined. Total spending 
on research and development in the 
U.S. is significantly higher than that 
in any other country and still three 
times the R&D spending in japan. 

There is no reason to suppose that 
more spending on research and de
velopment -even spending targeted 
to speCific technologies-will result 
in commercial success. The prob
lem lies in the inability of American 
companies (or, more accurately, the 
U.S.-based portions of what are fast 

u.s. 

RESEARCH DEVELOPMENT MANUFACTURING 
PROCESS DESIGN 

MANUFACTURING PRODUCT 

UNKS BElWEEN RESEARCH AND PRODUCTION in most U.S. companies are sequen

tial (left); in Japan (right), research, product development and the design of man

ufacturing processes are carried out concurrently so that knowledge from one 

becoming global technology firms) 
to transform discoveries quickly into 
high-quality products and into proc
esses for designing, manufacturing, 
marketing and distributing such prod
ucts. The fruits of research and de
velopment-new data, insights, in
ventions, prototypes-are easily dis
seminated across national borders. 
Increasingly the winners in the com
petitive race are the companies and 
nations that make use of those fruits 
most rapidly and comprehensively. 

The japanese have become adept 
at taking the essential insight of 
a major discovery-often made 

elsewhere-as the starting point in a 
process of application and refinement. 
American scientists invented the tran
sistor. In 1953 Western Electric li
censed the technology to the Sony 
Corporation; Sony rapidly made im
provements on the transistor and 
launched a host of high-quality con
sumer electronics products. In 1968 
Unimation, an American company, li
censed Kawasaki Heavy Industries to 
make industrial robots; by the early 
1970's industrial robots were on the 
job in japan; by the end of the decade 
japanese robots had come to the U.S. 
Meanwhile the nascent U.S. robotics 
industry never quite got on its feet. 

The video recorder was pioneered by 
California's Ampex Corporation and 
perfected by the japanese. Canon, Inc., 
improved the basic concept behind 
Xerox Corporation's plain paper copi
er and then reworked the inexpensive 
copying technology it had developed 
to make inexpensive laser printers as 
well (another invention never fully ex
ploited by Xerox). 

The same pattern has held for com
posite materials and ceramics, color 
televisions, computer disk drives, ba
sic oxygen furnaces, microwave ovens, 
computerized machine tools and oth
er inventions. In the year ending March 
31, 1987 (the last date for which such 
data are available), japan purchased 
more than $1 billion of technological 
information from North America; less 
than half of that amount was pur
chased by Americans from japan. 

japanese firms have been in an 
ideal bargaining position to buy much 
of this innovation cheaply. American 
companies often compete to sell tech
nology to japan, fearing that other
wise another firm will develop similar 
know-how and sell it first. (This logic 
may have motivated the Boeing Com
pany, for example, to share its ad
vanced airframe technology with ja
pan rather than see Airbus Industrie 
profit from a similar sale.) Further-
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RESEARCH, DEVELOPMENT AND MANUFACTURING PROCESS DESIGN 

MANUFACTURING PRODUCT 

area can readily influence decisions made in other areas. A new concept moves 

back and forth among the different groups until it is perfected. The Japanese 

method speeds the transformation of new discoveries into commercial products. 

more, small American producers of 
advanced technologies often lack the 
capacity to manufacture and market 
products on a global scale or to de
fend their patents worldwide, and so 
they fear that if they refuse to sell 
their most advanced designs they will 
eventually fall prey to reverse-engi
neered versions made at lower cost. 

Japan has also coordinated its pur
chases so that its companies do not 
have to bid against one another. On 
several occasions its Ministry of Inter
national Trade and Industry (MITI) has 
acted as a clearinghouse, forcing for
eign firms to license their patents and 
negotiating deals for all Japanese in
dustry. Between 1956 and 1978, large
ly because of MITI'S prohibition of auc
tions for licenses, Japanese firms paid 
only $9 billion for access to American 
technologies that cost between $500 
billion and $1 trillion to develop. 

I t may be tempting to erect bar
riers to the international flow of 
technology: increasing patent and 

copyright protection for American 
firms, preventing foreign firms from 
purchasing U.S. technology or high· 
tech companies, barring foreign firms 
from gaining access to U.S. govern
ment-subsidized research, pressuring 
MITI to stop coordinating patent pur-

chases. The core problem, however, 
has little to do with Japanese firms' 
easy access to U.S. technology. The 
real Japanese advantage lies in the 
ability to transform new inventions 
into high-quality products. 

If the U.S. is to regain its techno
logical prominence, it must improve 
the capacity of Americans to use tech
nology. This quiet path back to com
petitiveness depends less on ambi
tious government R&D projects aimed 
at specific technology areas such as 
supercomputers or high-temperature 
superconductors than on improving 
the process by which technological 
insights-wherever they may be dis
covered around the globe-are trans
formed by American workers into 
high-quality products. 

Close examination of Japan's suc
cess in this endeavor and America's 
comparative weakness suggests six 
steps along the path to competitive
ness: scanning the globe for new 
technologies, linking government R&D 
funding to commercial products, in
tegrating corporate research and de
velopment with production, manag
ing the establishment of technological 
standards, investing in the technologi
cal learning of workers and providing 
a good basic education to all citizens. 
Taking these steps will be necessary, 

but not sufficient, for the U.S. to re
gain its competitive edge in the world 
marketplace. 

T he first step in rapidly assimilat
ing new technologies is to dis
cover what they are. American 

firms are often slow to learn of a new 
technological insight achieved else
where-whether it is a breakthrough 
invention, a more efficient method of 
fabricating and assembling products 
or a new way of organizing production 
and distribution. Some American re
searchers and engineers, whose for
mal education and early job experi
ences occurred when the U.S. was far 
ahead of other nations in develop
ing and using technology, are simply 
skeptical of foreigners' abilities; any
thing "not invented here" is consid
ered of little value. 

Most U.S. firms are not organized 
for global scanning: they do not send 
their researchers, engineers and tech
nicians to international conferences 
and trade shows or to visit their global 
competitors; they do not systematical
ly gather data on the results of govern
ment-funded research in other na
tions (or even, for that matter, in the 
U.S.); nor do they systematically re
view technical and scientific journals 
and newspapers published in other 
countries. The U.S. government does 
little to aid them in such efforts. 

Japanese firms regard global scan
ning for technological insights as an 
integral part of their business strate
gies. They use insights achieved else
where as a means of supplementing 
their own technological experience. 
Japanese companies organize study 
teams to visit American and Europe
an companies and university research 
laboratories, attend all relevant con
ferences and trade shows and care
fully scrutinize foreign publications, 
including government reports. They 
even help to finance research and de
velopment in American universities 
and corporate laboratories-and then 
ensure that Japanese scientists, en
gineers and technicians monitor the 
results. ( Last year about 5,000 Japa
nese scientists worked in U.S. labora
tories; by most estimates fewer than 
150 U.S. scientists worked in Japa
nese laboratories, most for only a few 
months.) Japanese government agen
cies also gather technological infor
mation from around the world and 
make it available to industry (MITI'S 

Agency for Industrial Science and 
Technology, for example, funds an 
elaborate system of data gathering). 

Japanese firms also enter into joint 
ventures with American firms for the 
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express purpose of learning how to 
design and manufacture new prod
ucts. japan's long-term goal to pro
duce jet aircraft, for example, is being 
furthered by the current joint venture 
with Boeing for the development of a 
new generation of airframes for mid
sized jetliners and by the recently ap
proved agreement with General Dy
namics Corporation to co-produce a 
successor to the F- 16 jet fighter. �econd, closely related step in 

improving the assimilation of 
new technology is to link pub

licly funded research and develop
ment to commercial production. New 
R&D insights must be continuously 
available to be used in the production 
process, and new production insights 
must be continuously fed back into 
research and development. 

One reason that japan's public
ly funded R&D efforts tend to be bet
ter integrated into commercial pro
duction than those of the U.S. is the 
dominance of defense-related R&D in 
this country. Defense accounts for 
only 3 percent of government-funded 
research and development in japan, 
compared with 70 percent in the U.S. 
(a figure that makes up more than one 
third of U.S. R&D spending). 

Many defense technologies have ci
vilian uses, and there is a long histo
ry of civilian spin-offs from defense 

70 

60 
MILITARY R&D 

inventions, including computers, in
tegrated circuits and high-strength 
materials. Nonetheless, several factors 
impede technology transfer from mili
tary to commercial applications. Much 
defense research is not accessible be
cause it is classified. In many cas
es military specifications call for high
er performance-and higher prices
than civilian consumers need or want. 
In others, commercial technology has 
outpaced the military state of the art 
so that defense research and develop
ment offers little knowledge of com
mercial value. The Department of De� 
fense lags well behind the commercial 
sector in the use of digital electronics 
of all kinds, for example. Finally, those 
who develop military technology, be 
they defense contractors or employ
ees of government laboratories, are of
ten oriented toward the specific mis
sions of their funding agencies rather 
than toward commercial development 
of their ideas. 

Even though military R&D has be
come an inefficient means of generat
ing commercial spin-offs, almost half 
of the federal funds allocated to re
search on superconductivity, for ex
ample, are directed at military applica
tions such as infrared sensors, sub
marine detectors and electromagnetic 
rail guns. The japanese government, 
on the other hand, has organized and 
funded a wide variety of projects fo-

cused expressly on potential commer
cial uses for superconductors. 

Even nondefense research funding 
agencies in the u'S.-such as the Na
tional Institutes of Health, the Depart
ment of Energy and the National Sci
ence Foundation-tend to have con
cerns far removed from commercial 
applications. Primarily they support 
basic research. 

Here again the contrast with japan 
is stark. Although that government is 
spending more on basic research than 
in previous years, most of its R&D 
efforts are aimed at rapid commer
cialization. One of its explicit goals is 
to help small and medium-sized busi
nesses adapt new technologies. The 
government operates a network of 
195 regional laboratories specifically 
charged with providing technical as
sistance to small and medium-sized 
firms. The central government ab
sorbs half of the cost; regional author
ities and firms pay the rest. 

In addition, japan organizes groups 
of companies to undertake joint 
research on emerging t�chnological 
problems. MITI'S Agency for Industrial 
Science and Technology negotiates 
the terms of such consortiums and 
provides them with modest funding. 
MITI has recently established 28 re
gional technology centers designed to 
enable large firms to pool their re
search efforts. 
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DEFENSE-DOMINATED FUNDING skews U.S. research priorities 

and reduces the commercial benefits of research. More than 

half of U.S. government funding for research and development 
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comes from the military, compared with less than 5 percent 

in Japan. Meanwhile (inset) the U.S. has become a net import

er of electronic equipment and other high-technology goods. 
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Japan's strategy for HDlV illustrates 
the process. NHK, the national broad
casting company, began research on 
HDlV in 1970 and shared its results 
with the nation's 11 television manu
facturers. Two government ministries 
took the lead in coordinating the re
search, parceling it out among firms 
so that they did not duplicate one 
another's work and ensuring that they 
shared their results. The Japan De
velopment Bank matched corporate 
funding with public money. Even the 
Japanese post office began promoting 
HDlV by establishing savings plans for 
customers so that they will be able to 
provide a ready market for HDlV once 
it is commercially available. 

T hird, u.s. companies must link 
their own R&D efforts more 
closely to commercial produc

tion. Compared with Japanese firms, 
most American firms draw a sharper 
distinction between R&D on the one 
side and production and marketing 
on the other. Most U.S. corporate re
searchers and design engineers work 
in laboratories that are separated geo
graphically as well as culturally from 
the factories, warehouses and distri
bution facilities where their ideas 
might eventually be implemented. Re
search facilities typically occupy mod
ern, campuslike buildings in bucolic 
surroundings. Researchers and design 
engineers are often considered to be 
doing more important or more pres
tigious work than their compatriots 
on the factory floor are. 

R&D often has relatively little con
nection to the rest of a company's un
dertakings. The proposals that emerge 
from the laboratories are scrutinized 
by market and financial analysts on a 
project-by-project basis and only then, 
if approved, turned over to manufac
turing engineers, technicians and pro
duction workers who design and exe
cute processes for making and distrib
uting the products. 

The implicit assumption behind this 
series of events is that product de
signs emerge essentially fully formed 
from research, after which they are 
put into production. It is not unusual 
for American companies to put off any 
consideration of manufacturing until 
researchers have come up with a ge
neric solution to a broad problem and 
design engineers have transformed 
the broad solution into a specific de
sign. This division prolongs product
development times and causes mar
keting opportunities to be lost. 

In Japan research and development 
proceed simultaneously with manu
facturing engineering and the design 

of production processes. There is no 
gap, either geographic or cultural. The 
process involves continuous trial and 
error as an innovation shuttles be
tween development and production. 
Theory does not necessarily precede 
application, nor does product design 
necessarily precede process design; 
all phases occur together. 

Only rarely is an entirely new prod
uct design formally introduced, re
viewed and set into motion. Instead 
existing products and processes un
dergo continuous, incremental review 
as researchers, engineers and tech
nicians gain insights and experience 
that may reveal possible improve
ments. One example of such incre
mental development is the use of 
ceramics in internal-combustion en
gines. Rather than developing funda
mentally new engines incorporating 
ceramics, such as the ceramic turbine 
engines some U.S. companies are at
tempting to develop with federal help, 
Japanese firms are developing ceramic 
piston engines; they will be able to 
introduce ceramic parts incrementally 
into an otherwise conventional deSign. 

F ourth, the U.S. must manage the 
early adoption of industrywide 
standards that render emerging 

technologies compatible with each oth
er and speed commercial acceptance. 
Such standards make it easier for pur
chasers to experiment with equip
ment embodying new technology and 
reduce the risk of committing to a 
technology that quickly becomes ob
solete. Standards adopted too early, 
however, may freeze the development 
of as yet immature technologies. Prop
er timing and widespread acceptance 
of standards is an important determi
nant of technological success. 

In the U.S., technological standards 
are set with little regard to such is
sues. Large companies or government 
agencies set de facto standards; other 
governmental bodies or nonprofit or
ganizations set official standards. Un
fortunately, none of these sources of 
standards has explicit responsibility 
for managing the standards process 
to best promote a new technology. Nor 
do they have the staff to undertake 
such a job effectively. 

The Federal Communications Com
mission recently rejected Japan's pro
posed HDlV standard on the grounds 
that it was incompatible with exist
ing television sets. This decision had 
the effect of giving Zenith Electronics 
Corporation, the one remaining U.S.
owned television manufacturer (and 
any other U.S. firms that sense a prof
itable opportunity in HDlV) addition-

al time to develop technology for the 
American market. That consequence, 
however, was inadvertent: the FCC has 
no mandate to spur American compet
itiveness and possesses no special in
sight into how to do so. Now that the 
FCC has rejected initial Japanese pro
posals for HDlV, the Japanese govern
ment is coordinating the development 
of a new standard that will be compat
ible with television sets now used in 
the U.S. 

The Japanese take a more strategic 
approach to setting standards. Where
as they may allow competitors to vie 
with one another to establish the 
standard for a new consumer prod
uct, as occurred with the VHS and Beta 
standards for videocassettes, a de
partment within MITI is specifically 
responsible for coordinating industri
al standards to assure the effiCient 
adoption of new technologies. 

T he fifth requirement for effec
tive utilization of technology is a 
sophisticated work force, adept 

at discovering ways of incorporating 
new insights into products and pro
duction processes. Japanese compa
nies typically spend many years devel
oping and perfecting a technological 
insight once they have uncovered it or 
purchased it from anywhere around 
the globe. Sony's acquisition of video
recording technology from a U.S. com
pany marked the start of a 19-year 
process of product development; the 
Betamax, introduced in 1975, was the 
company's fourth generation of vid
eo-recording technology. (Thanks to 
the automated production processes 
Sony developed, the Betamax cost 
only one hundredth as much to man
ufacture as the first generation of 
video recorders.) The same sequence 
holds for high-definition television: 
research got under way in 1970, and 
commercial production will not begin 
until 1991. 

Contrary to popular belief in the 
U.S., however, such doggedness is not 
due solely to the longer-term view 
that the Japanese take of the poten
tial gain from a given stream of tech
nology. Japanese firms have shown 
themselves willing to invest in some 
technology streams that have no fore
seeable results-indeed, even after 
problems to which the technology 
might be addressed are solved by a 
competing system. The investment in 
such cases is not so much in the tech
nology itself as in the technological 
education gleaned by workers who 
grapple with it. Once educated, such 
technically sophisticated workers can 
recognize the potential value of a 
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broad range of new technologies and 
adapt them continuously to new prod
ucts and processes. 

Long-term experience in trying to 
solve technical problems associated 
with recording on videotape and in 
manufacturing videotape recorders 
gave Sony's workers insights into 
many other consumer electronics 
problems-a valuable asset even 
though Betamax was a market failure. 
The company was successful in pro
moting a single standard for the new 
generation of 8-rum videotape record
ers, and it was also able to incorporate 
some of its Beta technology into the 
VHS units it now manufactures. 

Today many Japanese firms are 
searching for ways to use high-tem
perature superconductors. Their suc
cess will not be measured solely by 
whether the particular products or 
processes they aim for (such as Nip
pon Steel Corporation's attempt to de
velop continuous-strand casting tech
niques using superconducting mag
nets to levitate and confine molten 
steel) are ever achieved; it will also be 
a function of how broadly and deep
ly their work forces understand the 
commercial possibilities of this new 
stream of technology and can adapt it 
to other purposes in the future. Simi
larly, the 11 Japanese television mak
ers now investing in HDTV understand 
that only a few of them will emerge as 
industry leaders, but they also know 
that their workers must gain experi
ence in this new technology if they are 
to develop other applications of it in 
the future. 

American firms are less willing 
than their Japanese counterparts to 

invest in the long-term technological 
learning of their workers, partly be
cause the U.S. financial community de
mands short-term profits. This past 
April, for example, the president of 
Control Data Corporation announced 
that the company was abandoning its 
supercomputing business; he noted 
that CDC could no longer afford to 
lose $100 million a year trying to de
velop the technology. The company 
had been under intense pressure from 
its investors to increase the price of its 
shares. In contrast, an executive of 
Hitachi told the New York Times that 
his firm would continue to spend 
$100 million yearly on supercomputer 
R&D. "finanCially speaking it is not 
such a good business," he said. "But 
supercomputers are the flagship of all 
computing technology." 

American firms also have another, 
perhaps sounder reason for taking 
a short-term view of investments in 
their work force: American engineers 
change jobs frequently, and so the 
benefits of training acquired at one 
firm may well be reaped by another. 
(Japanese engineers and production 
workers, by contrast, tend to stay put 
for life, and so investments in their 
technological learning are more cer
tain to return to the companies that 
trained them.) The restlessness of u.S. 
workers creates centers of technology 
like Route 128 around Boston and Sili
con Valley in California, but it tends to 
discourage investment in human capi
tal by any single firm. 

As a result many American firms 
opt to purchase components or manu
facturing processes that have already 
been proved cost-effective elsewhere. 

In U.S. managers' eyes the higher costs 
and greater risks of in-house develop
ment are not outweighed by the op
portunity for engineers and produc
tion workers to learn a new technology 
from the inside and to improve on it in 
the future. 

S ixth, the U.S. must improve the 
basic education of all citizens. 
Even if companies are willing to 

invest in the technological sophisti-
cation of their workers, the success 
of those investments depends funda
mentally on workers' ability to learn, 
which depends in turn on the quality 
of their baSic education. Here again 
the U.S. falls short. Whereas it is as 
successful as Japan in preparing the 
most talented and fortunate 20 per
cent of its population for manage
rial and profeSSional jobs, the U.S. is 
far less successful in educating the 
remaining 80 percent. American 13-
year-olds came in last in mathematics 
and almost last in science among 11 
nations on one recent test adminis
tered here by the Department of Edu
cation and the National Science Foun
dation. Workers who are ignorant of 
science and mathematics will be un
able to absorb new technological in
sights on the job and assimilate them 
into existing products and processes. 

In short, the U.S. currently trails 
nations such as Japan in many areas 
crucial to commercial success because 
Americans are not prepared to apply 
new technologies effectively. The na
tion has begun to improve its ability 
to use new technology, but progress 
has been uneven and is not nearly 
fast enough to regain world markets. 

PASTORAL SETTING of many U.S. research centers (such as this 

AT&T Bell Laboratories facility in Holmdel, N.J.) fosters cre

ativity, but the separation of research laboratories from the 

factory floor can make U.S. companies less efficient than their 

Japanese counterparts at translating new discoveries into 

profitable products and the processes for producing them. 
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A few prominent firms such as 
IBM, Hewlett-Packard Company and 
3M have stepped up their efforts to 
scan the world for technological in
sights and are seeking new ways to 
integrate their R&D with commercial 
production. Meanwhile some govern
ment agencies have begun to empha
size the utilization of new technology: 
Michigan's Modernization Service, for 
example, offers technical assistance in 
applying computer-aided design and 
manufacturing technologies to more 
than 6,000 small tool-and-di,.e plants, 
machine shops and metal fabricators 
in that state. Recent federal legislation 
has authorized the National Institute 
for Standards and Technology (for
merly the National Bureau of Stan
dards) to help small businesses im
prove their productivity through the 
application of new manufacturing 
tools and methods. The National Sci
ence Foundation has funded a num
ber of Engineering Research Centers 
around the country, each focusing on 
a different set of manufacturing proc
ess problems. Several federal labo
ratories are establishing offices of 
research and technological applica
tions to help disseminate their discov
eries; they have been authorized to 
grant exclusive licenses to commer
cial developers and thereby increase 
the financial incentives for product 
development. 

Meanwhile primary and secondary 
school education is being overhauled 
in Arkansas, Minnesota and a few 
other states. Many states have tight
ened science and math requirements 
for high school graduation, and some 
states have raised teachers' salaries. 
(Although standardized tests are not 
the best of guides, average SAT scores 
in South Carolina, for example, have 
gone up by 36 points since the enact
ment of educational reform there in 
1984. In California the proportion of 
high school graduates with more than 
three years of math or science has 
risen by roughly a sixth in the same 
period.) Many firms and local gov
ernments have exhibited new interest 
in on-the-job training to help workers 
handle a host of new technologies. 

Much more than this will be need
ed. On the public side the quiet path 
back to technological leadership does 
not require significantly larger ex
penditures on research and devel
opment; instead it suggests a differ
ent allocation of money. Large-scale 
military-funded R&D projects should 
give way to joint development and 
production projects among U.S. firms, 
funded in part by a nondefense agen
cy expressly charged with spurring 

the commercialization of new tech
nologies. The emphasis in such proj
ects should be on giving production 
engineers, design engineers and tech
nicians experience in applying those 
new technologies. SEMATECH, the semi
conductor joint venture, is a good start 
in this direction, but its funding agen
cy, the Department of Defense, has 
no particular expertise in develop
ing commercial technologies, and the 
project appears to be focused mainly 
on the development of semiconduc
tor-fabrication equipment rather than 
on the diffusion of learning through
out the participating firms. 

The U.S. must also invest much 
more than it does now in basic educa
tion and the training of its workers. 
Much has been written about this sub
ject, and it is clear that simply provid
ing more public money is no solu
tion. In addition to conveying basic 
skills, primary and secondary school 
curriculums must emphasize critical 
thinking-a capacity to identify prob
lems, raise questions and find struc
ture in apparent disorder-rather 
than the mere regurgitation of facts. 
Teachers need to be given, and to 
accept, more responsibility for what is 
taught in the classroom and how it is 
taught. Parents and other members of 
the community must contribute more 
effectively to the educational mission. 

On the private side the quiet path 
to technological preeminence neces
sitates a more collaborative relation
ship between researchers, design and 
production engineers and marketers 
within each firm and far greater ef
forts to retain skilled engineers. 

Laws and regulations governing fi
nancial markets may have to be al
tered to allow companies greater lati
tude in funding long-term product de
velopment. For example, the federal 
government in effect subsidizes lever
aged buy outs and takeovers; firms 
that borrow huge sums for such pur
poses can deduct interest payments 
from their taxable income. Tax subsi
dies could more effectively be target
ed at activities that promote long-term 
growth. One step in the right direction 
would be to remove tax incentives for 
takeovers and buy outs, increase capi
tal-gains taxes on the sale of assets 
held for less than six months and 
reduce such taxes on the sale of assets 
held for more than six years. 

Perhaps the most difficult obsta
cle to overcome along the quiet path 
is the relative lack of visibility and 
drama. Large-scale research projects 
make headlines and provide tangible 
evidence that something is being done 
to improve U.S. competitiveness. Clos-

SIX STEPS BACK TO 

TECHNOLOGICAL PREEMINENCE 

Scan the globe for new insights 

Integrate government-funded 
research and development with 
commercial production 

Integrate corporate research 
and development with 
commerical production 

Establish technological standards 

Invest in technological learning 

Provide a good basic education to 
all citizens 

RETIJRN TO PREEMINENCE in technolo
gy requires investment in workers' skills 

at all levels as well as in innovations tied 

to specific commercial goals. The U. S. has 

thus far lagged in both of these areas. 

er and more effective working rela
tionships among government, busi
ness and educational institutions at 
all levels are difficult to measure and 
quantify. As a result, politiCians, edu
cators and business executives who 
follow the quiet path may have diffi
culty in claiming credit for progress 
along the way. Among all impediments 
this factor alone may prove to be the 
major stumbling block. 
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The Mitotic Spindle 
Just how this spindle-shaped biological machine parcels the DNA 

of a dividing cell into two equal clusters is only now becoming clear. 
The spindle turns out to be as dynamic as it is accurate 

by j. Richard McIntosh and Kent L. McDonald 

F or an organism to grow, repair 
damaged tissues and reproduce, 
its cells must proliferate. They 

do so in two steps. First the parent 
cell grows; it synthesizes the materi
al for two cells within one cell mem
brane, including a duplicate of every 
chromosome, or double-strand thread 
of DNA , in the nucleus. Then the cell 
divides. 

Division begins with the process of 
mitosis, in which the previously du
plicated chromosomes (and therefore 
the genes they carry) are separated 
from each other and parceled into 
two matching, well-segregated packag
es. Mitosis ensures that when the rest 
of the cell divides, in a process called 
cytokinesis, each daughter cell will 
contain the genetic information it 
needs to grow and divide. 

Because the accurate segregation of 
chromosomes is profoundly impor
tant to the ability of daughter cells to 
survive and reproduce, many genera
tions of investigators have attempted 
to learn how it is accomplished. The 
work has been marked by both suc
cess and frustration. 

More than 100 years ago, biologists 
identified the paths followed by the 
chromosomes as they move to oppo
site poles in the parent cell. They 
found that the movements are deter
mined to a great extent by an extraor
dinary system of fibers known (be
cause of its shape) as the mitotic spin
dle. The importance of the spindle is 
perhaps made clearest by its absence: 
if spindle development is blocked ex
perimentally, the chromosomes move 

J. RICHARD McINTOSH AND KENT L. 
McDONALD share a long·standing inter· 
est in the mitotic spindle. McIntosh is 
professor of molecular, cellular and de· 
velopmental biology at the University 
of Colorado at Boulder. McDonald is a 
research associate in the High·Voltage 
Electron Microscope Laboratory at the 
same university. 

very little and fail to segregate into 
two distinct sets. 

Yet the details of spindle structure 
and behavior resisted discovery for a 
long time, in part because the compo
nent fibers are quite fragile. They are 
also too small and tightly clustered 
to be seen clearly in the light micro
scope, and they are too long and cur
vy to be tracked easily with the elec
tron microscope. 

Over the past 15 years, however, 
new labeling techniques and other im
provements in microscopic methods 
have enabled us at the University of 
Colorado at Boulder and workers else
where to see the spindle in what is 
literally a new light. We now know 
a great deal about the changes the 
spindle undergoes in each stage of 
mitosis. We can also begin to dis
cern an answer to what may be the 
most basic question of all: What con
trols the intricately choreographed ac
tivities of the spindle-and hence the 
movement of the chromosomes-dur
ing mitosis? 

M itosis is often described as 
having five consecutive stag
es, which collectively take 

about an hour to complete. The first 
stage, called prophase, begins when 
the DNA threads that were replicated 
during interphase (the period between 
cell divisions) condense to form dis
tinct chromosomes, each one consist
ing of two genetically identical parts, 
called chromatids, bound together in a 
single unit. DNA compaction is essen
tial, because the strands are normally 
so long and thin that in an uncon
densed form they would become im
possibly tangled by any attempt to 
segregate the chromatids. 

Toward the end of prophase, the 
spindle begins to take shape. It is 
formed primarily by fibers that extend 
from two specialized extranuclear re
gions called centro somes. During the 
next stage-prometaphase-the fibers 
interact with the chromosomes, usual-
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ly as a consequence of the fact that the 
envelope surrounding the cell nucleus 
breaks up. 

Initially the chromosomes are scat
tered throughout the nuclear region. 
However, once they become linked to 
fibers emanating from both centro
somes, .they are drawn toward the 
equator of the spindle-the plane ly
ing midway between the centrosomes. 
Within minutes the chromosomes be
come aligned at the midplane like foot
ball players at the line of scrimmage, 
at which point the cell is said to be 
in metaphase. 

Soon after the chromosomes reach 
the midplane, the sister chromatids 
separate, becoming independent chro
mosomes-an event that initiates the 
fourth mitotic stage, anaphase. Now 
the divorced chromosomes migrate 
toward their respective centrosomes, 
which lie at opposite poles of the spin
dle. Also in this stage the spindle elon
gates, increasing the distance between 
the centro somes and thereby increas
ing the distance between the separat
ed chromosomes. 

Late in anaphase a new nuclear en
velope begins to form around each 
of the two clust

·
ers of chromosomes, 

initiating the final stage, telophase. 
During telophase the two sets of chro
mosomes decondense, giving rise to 
functional interphase nuclei. Soon af
ter the two chromosome masses be· 
come well separated, cytokinesis en
sues: the cytoplasm begins to divide 
and each nucleus, together with the 
material surrounding it, is partitioned 
into a discrete cell. 

Such a description offers a servicea
ble overview of mitosis and more or 
less reflects the state of knowledge as 
of some 30 years ago. Yet its superfici
ality is unsatisfying to anyone inter
ested in knowing exactly how a cell 
segregates its chromosomes. For an 
answer to that question, one has to 
delve into the mechanism of action of 
the spindle itself-a broad scientific 
problem that is being studied with 
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FIBERS of the spindle (green) in two mitotic kangaroo cells 
have been made visible by staining, as have the chromosomes 

(orange-red ) attached to each spindle. One cell is in the stage 
of mitosis called metaphase (top): its chromosomes, which 

were initially scattered throughout the nucleus, are aligned at 
the spindle equator. The other cell, with two distinct sets of 
chromosomes, has advanced to the next stage, anaphase (bot
tom). Mark S. Ladinsky made both of these photomicrographs. 
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many approaches, including structur
al, biochemical and genetic analyses. 

Most of our own work is focused on 
structure, because we regard the spin
dle as a machine for chromosome mo
tion; if you want to understand how a 
machine works, you must first know 
something about the nature and be
havior of its moving parts. This focus 
has recently yielded some valuable 
insights into the architecture of the 
spindle and how the structure chang
es as mitosis progresses. Let us, then, 
review some of the basic features of 
the spindle's construction before tak
ing another look at the speCific stages 
of mitosis and examining how each 
stage is accomplished. 

T he spindle is composed from 
a variety of elements. The most 
prominent of these, the fibers, 

are microtubules: polymers built from 
protein subunits that consist of two 
closely related molecules, alpha- and 
beta-tubulin. Microtubules have many 
roles in cells. For instance, they help to 
define a cell's shape, and they form 
the scaffolding for the cilia that pro
mote cell motility [see "Microtubules," 
by Pierre Dustin; SCIENTIFIC AMERICAN, 
August, 1980). 

One property of microtubules that 
is crucial to their functioning is the 
polarity, or asymmetry, they display 
along their surface and at both ends. 
Such polarity derives from the fact 
that the subunits, which are them
selves asymmetric, are arranged head
to-tail down the length of the polymer. 
As a result, the microtubules can be 
thought of as long arrows, composed 
of smaller arrows (the subunits) all 
pointing in the same direction. 

The asymmetry has at least two 
functional consequences, whose im
portance will become clear below: the 
polarity at the ends causes one end
the so-called plus end-to add and 

lose subunits faster than the other 
(the minus) end; the polarity along 
the surface influences the orientation 
with which proteins will bind to the 
microtubule surface. 

Proteins that bind to microtubules 
are known to be integral parts of the 
mitotic spindle, although their specif
ic roles in mitosis have not yet been 
identified. In cilia and many other mi
crotubule-based biological machines, 
microtubule-binding proteins include 
not only structural molecules but also 
enzymes called motor molecules that 
convert chemical energy into mechan
ical work. Presumably the same is true 
for the spindle. 

The centrosomes are another im
portant part of the spindle. They dif
fer considerably in structure from one 
organism to another, but they all share 
several properties. During early inter
phase, when each cell has only one 
of them, the centrosome is the cell's 
most important microtubule-organiz
ing center. It serves as a seed to start 
microtubule polymerization, and it 
both influences the arrangement of 
the resulting microtubule clusters and 
defines their polarity. The centrosome 
replicates before mitosis, generally 
when the chromosomes are replicat
ing. At first the sister centrosomes 
remain close together and function as 
one. They usually move apart during 
prophase, when they begin to initiate 
an increased number of micro tubules, 
many of which will become the fibers 
of the mitotic spindle. 

Although the chromosomes them
selves are not parts of the spindle 
proper, each mitotic chromatid in
cludes a protein-rich region known as 
a kinetochore that is an important 
spindle component. All kinetochores 
serve as couplings that enable the 
spindle fibers and chromosomes to 
interact; as soon as microtubules be
come attached to a kinetochore, the as-

ORGANIZATION AND SEGREGATION of chromosomes during mitosis involves many 
steps. The cell lays the groundwork during interphase, the period between cell 
divisions. In interphase the DNA in the nucleus replicates, as does a nonnuclear 
body known as the centrosome, which in animals consists of two rodlike structures 
called centrioles surrounded by a matrix. The centrosomes initiate the growth of 
microtubules, which become the spindle fibers during mitosis. In the first mitot
ic stage-prophase-the replicated DNA condenses to form distinct chromosomes 
composed of two identical, joined chromatids. Also, the centrosomes move apart, 
and the newly emerging spindle fibers deform the nuclear envelope. The envelope 
breaks up in prometaphase, and the chromatids become attached to the spindle 
fibers at a specialized region known as the kinetochore. Once linked to both cen
trosomes, the chromosomes move toward the spindle equator, where they even
tually form what is called the metaphase array. Soon thereafter the joined chro

matids separate, becoming independent chromosomes and initiating anaphase, a 
two-part stage. First each chromosome approaches the centrosome to which it is 

connected. Then the spindle elongates, increasing the distance between the separat

ed chromosomes. Finally, a nuclear envelope forms around each of the two DNA 
clusters, marking the cell's entry into telophase, during which the DNA decondenses. 

socia ted chromosome begins to move. 
With these components defined, it 

became possible to determine their 
organization in the spindle with the 
electron microscope. For instance, Bill 
R. Brinkley, then at the M. D. Anderson 
Hospital in Houston, and other work
ers showed that there are two major 
classes of spindle micro tubules. So
called kinetochore micro tubules have 
one end anchored in a kinetochore; 
usually, but not always, their opposite 
ends are at or near the centrosome. 
Typically 15 to 35 microtubules grow
ing from a centrosome bind to each 
kinetochore. 

Most microtubules, however, do not 
interact with chromosomes. Studies 
we carried out on parts of mammalian 
spindles and studies we did in collab
oration with other laboratories on the 
small, well-ordered spindles of a varie
ty of microorganisms have shown that 
the nonkinetochore microtubules typ
ically have one end in a centrosome, 
with the other end-which extends 
toward the other centrosome-free. 

In collaboration with Jeremy D. Pick
ett-Heaps and David H. Tippit here at 
Boulder and with Urs-Peter Roos of the 
University of Zurich, we cut spindles 
in thin slices, photographed the slices 
in sequence with the electron micro
scope, and by computer recorded the 
location of each microtubule in each 
section. This approach enabled us to 
follow the trajectory of the individual 
microtubules and to locate their ends. 
It thereby provided important details 
about the length and function of the 
nonkinetochore fibers. 

S pecifically, we found that some 
of the nonkinetochore microtu
buies are short, but others are 

long enough to interdigitate with non
kinetochore micro tubules from the 
opposite side of the spindle. Particu
larly during prometaphase and meta
phase, many of the interdigitating mi
crotubules extend a large fraction 
of the distance to the opposite cen
trosome, forming a framework that 
serves to keep the two centrosomes 
apart at the spindle poles. A few mi
crotubules have both ends free; their 
significance for mitosis is unknown. 
(The spindles in many animal cells 
also include what are called aster mi
crotubules that project out from the 
centrosome toward the cell periphery; 
they have no obvious role in the seg
regation of chromosomes but are im
portant in cytokinesis.) 

Even after this level of structural 
knowledge had been attained, we still 
did not know the polar orientation of 
the different classes of spindle micro-
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tubules. Such information was impor
tant to obtain because it would pro
vide clues to how the spindle forms; it 
would also help to limit the universe 
of possible explanations for various 
events in mitosis. 

To make better sense of the latter 
reason, recall that the polarity of mi
crotubules influences the orientation 
of bound proteins, presumably includ
ing bound motor molecules. The ori
entation, in turn, influences the direc
tion in which certain motor molecules 
travel along a microtubule; it can also 
be expected to influence the force ex
erted by a motor molecule on the mi
crotubule itself or on other bodies to 
which the motor might also be at
tached, such as a chromosome or a 
nearby microtubule. Hence, knowing 
where, say, the plus ends of kineto
chore microtubules are located would 
make it possible to determine such 
things as whether a motor molecule 
known to move in the plus-to-minus 
direction could potentially be involved 
in moving chromosomes toward the 
centrosome during prometaphase or 
anaphase. 

Microtubule polarity is not visible 

by conventional light and electron mi
croscopes, but in the early 1980's Ste
ven R. Heidemann and Ursula Euten
euer at Boulder and Leah T. Haimo and 
Bruce R. Telzer in Joel 1. Rosenbaum's 
laboratory at Yale University devel
oped methods for visualizing such po
larity. Their studies agreed that all 
spindle micro tubules , including those 
attached to kinetochores, are orient
ed with their plus (fast-growing) ends 
pointing away from the centro somes 
to which they are connected. 

Recently Marc W. Kirschner and 
Timothy j. Mitchison of the University 
of California at San Francisco have 
drawn a mass of structural findings 
and data about microtubule polymeri
zation into a single powerful model of 
how the spindle forms. They suggest 
that during mitosis microtubules are 
continually being initiated at the cen
trosomes and growing by subunit ad
dition only at their plus ends (the ends 
distant from the centrosome). Micro
tubules are known to grow for a while 
at a constant rate and then to change 
to a state in which they rapidly dis
assemble-a property Mitchison and 
Kirschner have called dynamic insta-

MICROTUBULE is an inelastic, tubelike polymer built from subunits consisting of the 
protein tubulin (left). Tubulin subunits are themselves formed from two distinct 

protein molecules-alpha- and beta-tubulin (here represented by different colors). 
Because the subunits are always arranged head-to-tail, the microtubules are polar: 
their ends are structurally-and, it turns out, functionally-different. One end, the 
so-called plus end, gains and loses subunits faster than the other (the minus) end. 

Workers can now distinguish the plus and minus ends by various methods. For 
example, they can induce the microtubules to "sprout" hook-shaped sheets of tu

bulin (right). If the hooks curve clockwise as they come off the original microtu
bule, the viewer is looking at the microtubule from the plus toward the minus end. 
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bility. As a consequence, many of the 
micro tubules disappear essentially as 
soon as they form. Others, however, 
become stabilized and survive long 
enough to build the spindle and car
ry out its functions. These subpop
ulations become stabilized either by 
binding to a kinetochore (in the case 
of the kinetochore fibers) or by inter
acting with microtubules from the op
posite pole (in the case of the interdig
itating fibers). 

We are now in a position to 
recast our earlier description 
of mitosis and to speculate 

about just how the spindle engineers 
the segregation of chromosomes dur
ing mitosis. Let us pick up the dis
cussion at the point when the micro
tubules begin to interact with the ki
netochores-that is, at the start of 
prometaphase. 

As soon as even one microtubule 
binds to a kinetochore, the attached 
chromosome (which still consists of 
joined chromatids) begins to move to
ward the centrosome to which it is 
now linked. This motion might result 
either from an active kinetochore ex
erting force on a static microtubule or 
from the shortening of a microtubule 
to which an essentially passive chro
mosome is bound. 

The chromosome does not remain 
near the centrosome for long, howev
er, because as soon as the sister ki
netochore is bound by one or more 
fibers from the opposite chromosome, 
the chromosome becomes an object 
of a tug-of-war: it behaves as if it were 
being pulled to and fro by the two 
opposing centro somes. Ultimately all 
the to-ing and fro-ing moves the chro
mosomes to the equator of the spin
dle, where they become a part of the 
metaphase array. In metaphase the 
chromosomes are arranged so that 
each kinetochore faces the centro
some to which it is linked. 

Many of the mechanisms of pro
metaphase are still poorly under
stood, but the mechanism by which 
a cell assures that the two kineto
chores on each chromosome are con
nected to opposite centro somes has 
been partially clarified. R. Bruce Nick
las and Donna F. Kubai of Duke Univer
sity have shown that kinetochores can 
associate initially with microtubules 
coming from practically any direction, 
although the association is weak at 
first. Once a bipolar attachment is 
achieved, the association of a chromo
some with the spindle becomes firm. 

Nicklas's work suggests that the sta
bility of the chromosome's attachment 
to the spindle is established by the 
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tension exerted when sister kineto
chores on a single chromosome are 
pulled in opposite directions. If the sis
ter kinetochores of a single prometa
phase chromosome become linked by 
micro tubules to the same centrosome, 
the chromosome will spontaneously 
detach from the spindle. If, however, 
a microneedle is i, nserted into such 
a chromosome and pulled so as to ex
ert the tension normally provided by 
micro tubules from the opposite cen
trosome, the chromosome does not 
detach from the spindle. Remarkably, 
its two kinetochores remain linked 
to the single centrosome until the 
experimenter tires or the cell enters 
anaphase. The fact that the attach
ment of chromosomes to spindle fi
bers is stable only under load helps to 
assure that one chromatid in a pair 
will migrate to each pole of the mitot
ic spindle. 

The cell usually accomplishes the 
stable, bipolar attachment of chromo
somes to the spindle well before all 
the chromosomes congregate in the 
metaphase array at the spindle mid
plane. How, then, do the kinetochore 
fibers attached to opposite centro
somes manage to bring a chromosome 
to the spindle midplane? 

Gunnar Ostergren of the University 
of Uppsala in Sweden proposed in the 
early 1950's that a cell can adjust the 
magnitude of the forces acting on a 
kinetochore so that the net force is 
proportional to the length of the ki
netochore-bound fibers. The idea is 

COMPLETED SPINDLE of a typical animal 

cell in metaphase includes different cat
egories of microtubules, classified ac
cording to where their ends terminate 
(top). There are two major classes. One 
class consists of micro tubules having 
one end bound to a kinetochore; many 
but not all kinetochore microtubules are 
also bound at their opposite end to a 
centrosome. Usually a number of micro
tubules bind to the same kinetochore, 
as is evident in the top electron micro
graph, made by Matthew J. Schibler of 
the La Jolla Cancer Research Founda
tion. The other major class consists of mi
crotubules that grow from a centrosome 
but do not bind to a kinetochore. These 

nonkinetochore fibers include microtu
buIes that interdigitate at the spindle 
midplane, as well as shorter fibers and a 

few that float free. The nonkinetochore 
micro tubules of some microorganisms 
are particularly well organized, as is ev
ident in the bottom micrograph. Many 

animal spindles also include radially 
oriented "aster" microtubules. The fast

growing (plus) ends of the spindle micro
tubules are located away from the cen
trosome that initiated the microtubules. 

KINETOCHORE 
MICROTUBULES 

+ 
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HOW CHROMOSOMES MIGRATE toward the centrosomes (the 
spindle poles) during anaphase A is a subject of much spec
ulation. The chromosomes were once thought to be reeled in 
by the kinetochore microtubules as the microtubules short

ened at their centrosome end. Actually, the microtubules lose 
subunits from the kinetochore end. A kinetochore may active
ly disassemble bound micro tubules and then repeatedly grasp 

the remaining parts of one or more shortening microtubules 
as if the fibers were lifelines (a). It is also possible that an as 
yet unidentified elastic substance is stretched between the 
kinetochore and a pole, in which case the micro tubules might 

restrain the elastic substance from pulling on a chromosome 
(b). Depolymerization of the micro tubules would then permit 

the elastic substance to draw the genetic material poleward. 

attractive, in part because it is consis
tent with the finding that during pro
metaphase long kinetochore microtu
buIes shorten, and the shorter fibers 
coming from the opposite centrosome 
lengthen, until the fiber lengths even
tually equalize. 

Some evidence obtained by Thomas 
S. Hays and Dwayne A. Wise in Edward 
D. Salmon's laboratory at the Univer
sity of North Carolina at Chapel Hill 
indicates that Ostergren's hypothesis 
is correct. Further, Hays has extended 
the work, showing that the strength 

of the pulling force is also propor
tional to the number of microtubules 
attached to a kinetochore. More mi
crotubules are associated with great
er force. 

What agent does the pulling, and 
by what mechanism is the strength of 
the force coupled to the length of the 
kinetochore fibers? One possibility is 
that the microtubules do the pulling 
in response to forces exerted on them 
by bound motor proteins; longer fi
bers and larger numbers of fibers 
would exert more force than shorter 

•• ,� 
I 

and fewer micro tubules because they 
can bind more force-producing pro
teins. There are other logical explana
tions, however. We would also like to 
know what controls the assembly and 
disassembly of kinetochore rnicrotu
buIes as the chromosomes move to
ward the spindle equator. 

Regardless of how chromosomes 
find their way to the metaphase posi
tion, once they are there, their chro
matids are in the correct arrangement 
for unimpeded movement to their re
spective poles. Indeed, the metaphase 

- -. 
o==�§:=:=o 

ELONGATION of the spindle during anaphase B is thought to 
be accomplished by the growth of interdigitating microtubules 
at the plus ends and by the subsequent sliding of the length
ened fibers. Hirohisa Masuda and W. Zacheus Cande of the 
University of California at Berkeley have collected evidence of 
both processes. They first stained the native microtubules of 

an isolated spindle with a fluorescent dye (top left and map 
below); the stain is darkest at the center because the interdigi
tating fibers overlap there. They then added tubulin labeled 

with a different dye. A photomicrograph (center) showing only 
the newly incorporated tubulin (red in maps) reveals increased 

overlap, indicating that the fibers grew by adding the new tu
bulin to their plus ends. (Aster microtubules are also stained, 
but the finding is irrelevant to spindle elongation.) Next, they 
added adenosine triphosphate, a fuel known to be required for 
spindle elongation (right). The size of the overlap zone then 
became smaller, and the spindle as a whole elongated-results 
that can be explained only by the sliding of the labeled ends. 

54 SCIENTIFIC AMERICAN October 1989 

© 1989 SCIENTIFIC AMERICAN, INC



alignment is so important to the seg
regation process that when individ
ual chromosomes dawdle in getting 
to the spindle equator, the onset of 
anaphase is usually delayed. Appar
ently some cellular mechanism moni
tors the arrival of the chromosomes at 
the equator and delays the onset of 
anaphase until any renegades take up 
their proper positions. 

The separation of sister chromatids, 
which ends metaphase and initiates 
anaphase, is one step in mitosis that 
is apparently independent of spindle 
activity: it takes place in some cells 
even when the spindle is absent. Some 
evidence suggests that the trigger is 
an increased concentration of calcium 
ions released from membrane-bound 
vesicles in the nuclear region. 

Once the separation of the chro
matids is complete, anaphase 
proceeds, in two phases. First, 

in what is called anaphase A, the ki
netochore micro tubules shorten as 
the chromosomes (the newly separat
ed chromatids) migrate toward their 
respective poles. Then, in anaphase B 
(which may overlap the first phase to 
an extent), the spindle elongates. 

Gary G. Borisy's laboratory at the 
University of Wisconsin at Madison 
and Kirschner's and Nicklas's labora
tories have each found evidence that 
during anaphase A the kinetochore 
microtubules shorten by the loss of 
subunits at their kinetochore end; ap
parently the chromosomes are not, as 
had been thought, reeled in passively 
by the shortening of the fibers at the 
centrosome. Indeed, the fact that the 
chromosomes remain attached to the 
micro tubules as the polymers disas
semble suggests that the kinetochores 
are quite active and might contribute 
to microtubule disassembly. 

What interactions between the ki
netochore and the kinetochore micro
tubules enable chromosomes to move 
toward their respective centrosomes? 
One possibility is that something, per
haps the kinetochore itself, exerts a 
compressive (subunit-removing) force 
on the microtubules-possibly as a 
consequence of being pulled by mo
tor molecules that are attached to 
the kinetochores and that move down 
the micro tubules toward the centro
some end. The chromosomes would 
then remain attached to the shorten
ing microtubule clusters by repeated
ly grasping the remaining parts of one 
or more microtubules as if they were 
lifelines. If the kinetochore is indeed 
as active as the model suggests and 
exerts force on the micro tubules dur
ing anaphase, the finding would sug-

INTERDIGITATING MICROTUBULES (small circles), shown in cross section, are linked 
to one another in the zone of overlap by cross bridges (indicated by arrows). The 

bridges, which can be visualized in electron micrographs, may be part of the 
machinery that pushes the two halves of the mitotic spindle apart late in mitosis. 

gest that earlier-in prometaphase
the kinetochore may also contribute 
to chromosome motion, helping to 
propel the chromosomes toward the 
spindle equator. 

An alternative explanation for chro
mosome movement in anaphase sug
gests that an elastic component of 
some kind stretches between the ki
netochore and the pole and that the 
kinetochore microtubules serve sim
ply to restrain this pulling motion. 
As the micro tubules shortened, then, 
they would permit the elastic force 
to pull the chromosomes poleward. 
There is no evidence that such an 
elastic system exists, however. 

The mechanism by which the spin
dle poles and the attached chromo
somes are pushed far apart during 

anaphase B is better understood. In at 
least some organisms, it is clear that 
the interdigitating fibers elongate at 
their plus (centrosome-distant) ends; 
then motor molecules in the midplane 
of the spindle, where the interdigitat
ing micro tubules overlap, push the fi
bers from opposite centrosomes away 
from one another, so that the fibers 
slide toward the opposite poles. This 
motion forces the centrosomes (and 
therefore the chromatids attached to 
them) quite a distance apart. 

We gained our first inkling that 
a sliding mechanism might 
exist when we were immersed 

in electron microscopic analyses of 
spindle structure in the 1970's with 
Pickett-Heaps and Tippit. By examin-
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SLIDING of interdigitating micro tubules during anaphase B might be accomplished 

by so-called motor molecules, which are thought to be components of a matrix that 

has been identified in the zone of microtubule overlap. The model shown here (a) 
suggests that the motor molecules reach out to the microtubules and push the fi
bers toward the periphery of the cell (in the plus-to-minus direction). That is (lett 

to right in detail, b), the motors are thought to attach to the microtubule surface, 
push the fiber poleward, detach from the surface and reattach at a position nearer 
to the plus end of the microtubule. In electron micrographs two nearby motor mol
ecules acting on microtubules from opposite poles could look like a single bridge. 
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KANGAROO CELL in telophase includes two complete nuclei in the process of 
returning to the interphase condition; only the spindle fibers (green) and the DNA 
(red ) are visible. The cell has virtually completed cytoplasmic cleavage. The fluo· 
rescent bar of microtubules visible in the center of the image is actually in the 

isthmus that still connects the sister cells. Ladinsky made the photomicrograph. 

ing the structure of nonkinetochore 
microtubules, we noticed that the 
spindle micro tubules from opposite 
poles looked as if they had slid apart 
between the end of anaphase A and 
the end of anaphase B. We saw similar 
patterns in spindles from mammalian 
cells, the planktonic algae known as 
diatoms and the slime mold Dictyoste
lium discoideum. In each instance, we 
also found that interdigitating micro
tubules had increased in length dur
ing anaphase B. 

The evidence that the force-gener
ating mechanism for spindle elon
gation resides in the spindle itself 
is based largely on work done in the 
mid-1980's by W. Zacheus Cande of 
the University of California at Berke
ley and his colleagues. They isolated 
spindles from diatom cells and added 
the biological fuel adenosine triphos
phate (ATP), whereupon the half spin
dles (each consisting of a centrosome 
and its associated fibers) slid apart. If 
the spindles did not include their own 
sliding forces, the addition of the ATP 
would have had no effect. 

Linda Wordeman in Cande's labo
ratory further showed that proteins 
located in the zone of overlap had to 
be activated by the binding of a phos
phate group from ATP in order for 
the spindle to elongate. Cande and his 
colleague Hirohisa Masuda filled in 
another piece of the anaphase-B proc
ess by showing that the elongation of 
the interdigitating microtubules in the 
diatom occurs by subunit addition at 
the plus (centrosome-distant) end. 

How is it that the interdigitating 
fibers elongate at a time when the rest 
of the spindle fibers are disassem
bling, and how is the sliding accom
plished? One plausible answer to the 
first question has to do with the fact 
that during anaphase the interdigitat
ing microtubules become swathed in 
the area of overlap by a protein-con
taining matrix. This matrix may well 
confer an assembly advantage on the 
fibers. For instance, by binding to the 
micro tubules, molecules of the matrix 
might stabilize them, much as kineto
chore binding seems to do. 

The sliding of interdigitating micro
tubules, which our colleague William 
M. Saxton has now demonstrated in 
living mammalian cells, might be gen
erated in several ways. All the mecha
nisms proposed are still a mixture of 
fact and speculation, however. One 
model proposes that the pushing mo
tors are anchored in the matrix of the 
overlap region. From there they bind 
to a microtubule and push it in the 
plus-to-minus direction. Such activity 
would push the interdigitating fibers 
in opposite directions, toward the cell 
periphery. Bridges between interdigi
tating microtubules can be seen by 
electron microscopy and may consist 
of the postulated motors [see illustra
tions on preceding page). 

What, in summary, do the col
lected findings say about the 
normal functioning of the mi

totic spindle? The spindle turns out to 
be a surprisingly dynamic structure. 
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Its micro tubules are nucleated at the 
centro somes and then grow and disas
semble rapidly as mitosis progresses. 
Most of the growth and disassembly 
apparently takes place at the end of 
the microtubule away from the pole. 
Although micro tubules all have the 
same polarity, the fibers behave dif
ferently depending on the structures 
in the spindle to which they bind. If 
they associate with the kinetochore 
re&ion on chromosomes, they partic
ipate in the movement of chromo
somes during prometaphase and ana
phase A. If they interact with micro
tubules from the opposite pole, they 
form a bundle of interdigitating mi
crotubules that holds the poles apart. 
By polymerization and sliding, these 
interdigitating fibers also appear to 
elongate the spindle during anaphase 
B and thus to increase the segregation 
of chromosomes. 

The solution to the question of what 
controls the movements of chromo
somes during mitosis will ultimately 
depend on an understanding of how 
the various molecules in the spindle in
teract. Biochemists and geneticists are 
making progress on this question and 
are now engaged, in an intensive effort 
to identify the molecular components 
of the spindle that are essential for its 
function. Two microtubule-associated 
motor molecules have been found in 
dividing cells. They travel along micro
tubules and bring about the move
ment of neighboring structures-at 
least in vitro. It remains to be seen 
whether these enzymes participate in 
mitosis in the living cell. At the mo
ment, it is equally possible that en
zymes still to be discovered are the 
mitotic motors we seek. We are hope
ful that the identity of these important 
molecules will be established within 
the next few years. 
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The Stanford Linear C ollider 
The world's first linear collider is up and running. Stanford's uz 0 

factory" allows physicists to measure the mass and lifetime of the 
Z 0 mediator of the electroweak force with unprecedented precision 

by John R. Rees 

zero" or "z naught"), which had al
ready been discovered six years ago, 
as the fact that the particle had been 
created in a machine, the Stanford 
Linear Collider (SLC), that was of an 
unprecedented design. The SLC col
lides high-energy beams of electrons 
and positrons (the antiparticles of the 
electron) into each other-a method 

that has proved exceptionally fruitful 
in the study of fundamental interac
tions of matter. Yet ever since the 
machines were first built in 1960, elec
tron-positron colliders had always 
consisted of two particle beams cours
ing in opposite directions along a cir
cular track; the beams intersect, or 
collide, at various points along the -

.".,.�-

E
arly in the morning of Tuesday, 
April 1 1, the sun was starting to 
burn the fog off the grassy hills 

around the Stanford Linear Accelera
tor Center (SlAC) as my colleagues on 
the night shift started home. Minutes 
before, unknown to any of us at the 
time, a surge of energy had suddenly 
pulsed through the three-story-high, 
I,800-ton hulk of iron that forms the 
shell of the Mark II detector. The event 
passed in less than an eyeblink. It was 
not until the following morning that 
Barrett Milliken, a postdoctoral fellow 
at the California Institute of Technolo
gy, noticed something unusual as he 
was poring over computer data stored 
from the previous day. Two spindly 
jets of particles had sprayed out from 
the center and struck the detector, 
depositing some 65 billion electron 
volts of energy. The brief pulse, Milli
ken realized, showed the unmistak
able features of a ZO-a particle that 
"carries" the weak nuclear force, one 
of the fundamental forces of nature. 
By noon, the news had flashed around 
the world: we at SlAC had finally 
reached the goal that had eluded us 
for almost a year. 

� .:-- - - .- .... -

What was remarkable about the 
April event was not so much the ob
servation of the ZO (pronounced "z 

JOHN R. REES might be suspected of 
less than sterile detachment in describ
ing the Stanford Linear Collider, since 
he directed the construction of the ma
chine. Rees has been in the colliding
beam business from its inception: his 
Ph.D. from Indiana University in 1956 
coincided with the first practical pro
posals to build colliding-beam storage 
rings. Before becoming involved with 
the SLC, Rees worked with Burton Rich
ter, director of the Stanford Linear Ac
celerator Center, to deSign, build and 
run two colliding-beam storage rings at 
SlAC: SPEAR, the storage ring with which 
Richter made his Nobel prize-winning 
discovery of the psi meson, and the 15-
GeV PEP storage ring. 

STANFORD LINEAR COLLIDER accelerates electrons (red) and positrons (blue) in a 
two-mile-long linear accelerator, or linac, and then steers them into a head-on col
lision at a combined energy of about 100 gigaelectron volts (GeV). A cathode fires 
two bunches of electrons in succession (1). The bunches are accelerated to 1 GeVand 
then are condensed in a damping ring (2). The damped bunches are injected into the 
linac, where they are joined by a damped bunch of positrons (3). The leading electron 
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loop, producing showers of new parti
cles. In a break with tradition, the SLC 
aims two linear beams at each other. 

Strong motives impelled the Stan
ford team to choose the route of inno
vation. For one thing, linear colliders 
promise to be less expensive to build 
and operate than storage-ring collid
ers. The cost of storage-ring acceler
ators rises rapidly, by about the sec
ond power of the beam energy, in part 
because the higher the energy of a 
charged particle, the more energy it 
radiates away in the form of synchro-

.. 

tron radiation when it is forced to 
follow a curved path. The cost of lin
ear accelerators, in contrast, increases 
only linearly with the beam energy. At 
low energies, storage rings are more 
economical, but at sufficiently high 
energies-above around 100 gigaelec
tron volts for the combined energy of 
the two colliding beams-linear collid-

ers become the less expensive of the 
two. ( One gigaelectron volt, or GeV, is 
109 electron volts.) 

An equally powerful motive was the 
desire to build a "Zo factory," a facility 
at which the ZO particle can be studied 

bunch and the positrons are accelerated to the end of the linac, 

where they are deflected into two large arcs (4)-electrons to 

the left and positrons to the right. Magnets guide the beams 

to the final focus, where the beams are squeezed down to a 

diameter of a few microns (5). The beams collide inside the 

Mark n particle detector (6). Meanwhile, the trailing electron 

bunch is diverted into a target to produce a shower of pos· 

itrons (7), which are returned to the head of the linac (8), 
damped and injected into the linac at the same time as a new 

group of electrons (9). The first zO particle seen at the SLC 

(inset) immediately decayed into a quark and antiquark, which 

produced two hadron jets that struck the end caps (white disks). 
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in detail. This particle was discovered 
in 1983 at CERN, the European labora
tory for particle physics near Geneva, 
and the study of its basic properties, 
particularly its mass and lifetime, is 
one of the chief goals of particle phys
ics today. In 1983 engineers at CERN 
broke ground for their own ZO factory, 
the Large Electron-Positron (LEP) Col
lider, a conventional storage ring 27 
kilometers in circumference. In the 
meantime, physicists at SlAC decided 
to convert the two-mile-long Stanford 
linear accelerator, or linac-the largest 
in the world-into a linear collider 
that could produce ZO's. By souping 
up an existing linac, rather than build
ing new linacs from scratch, the SlAC 
group hoped to have the world's first 
ZO factory-and at relatively low cost. 

No linear collider had ever been 
built, and the urge to be the first to do 
so was great. With the attraction of 
innovation came the other side of the 
coin: risk. We at SlAC chose to ven-

ture into uncharted territory where 
we knew we would face our share of 
surprise and disappointment, but in 
the end, the gamble paid off. More 
than 200 ZO particles have been detect
ed at the SLC, and more continue to be 
churned out regularly. 

W
hat is the ZO, and why is it 
important? To answer that 
question, one needs a picture 

of the current model of physical mat
ter and forces. All of the matter in the 
universe is constructed out of a hand
ful of building blocks. That is what 
physicists-or most physicists, any
way-believe. Chunks of matter can be 
subdivided and subdivided yet again 
down to the level of the building 
blocks, but there the process ends. 
The elementary particles cannot be 
subdivided further. (That is why they 
are elementary.) Elementary particles 
come in only two kinds: quarks and 
leptons. Quarks stick together in 

SIX WEAK INfERACTIONS involving the ZO mediator are depicted in these Feynman 

diagrams. Distance is represented on one axis and time on the other. Theory predicts 
that if the processes in the left column can take place, so too can those in the right 
column. Collisions between a lepton and antilepton (the two upper processes in the 

right column) can produce either a lepton and antilepton or a quark and antiquark. 

The SLC is designed specifically to enable both kinds of interactions to be studied. 
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groups of three to form neutrons and 
protons. Neutrons and protons (which 
are known as hadrons) stick together 
in bunches to form atomic nuclei. To 
a nucleus is joined a swarm of elec
trons-which are leptons-to give rise 
to an atom. ( Other leptons include 
muons and neutrinos.) The process 
goes on: atoms join together to form 
molecules, and molecules make up 
gases, liquids and solids. 

There are remarkably few elementa
ry particles: only six quarks and six 
leptons, according to current theories. 
(Actually, current theories also call for 
another particle, the Higgs boson, but 
one can explain elementary particle 
interactions without referring to it.) 
The quarks and leptons are grouped 
together into three "generations" of 
two quarks and two leptons each. This 
makes 12 elementary building blocks 
(not counting the Higgs), or 24 if one 
counts their antiparticles. But what 
makes them stick together? Bricks are 
of little use without mortar. It has 
been as difficult to find a satisfying 
answer to that question as it has been 
to find out what the complete set of 
elementary particles is. Since the 19th 
century the attraction and repulsion 
between particles has been described 
in terms of forces that the particles 
exert on one another. A complete the
ory must include not only the elemen
tary particles but also the mechanism 
of their interactions. 

The theory of special relativity stip
ulates that a physical effect cannot 
move faster than the speed of light. 
Physicists therefore developed quan
tum field theory, in which the force 
between two particles arises from the 
exchange of a "mediator" that "carries 
the force" at a finite speed: one of the 
particles emits the mediator; the oth
er absorbs it. The mediator propa
gates through space and, for a brief 
time, is not lodged with either the 
sending particle or the receiving parti
cle. These mediators have the same 
properties the elementary particles 
have-mass, electric charge, spin
and so physicists often call them par
ticles as well, even though their role in 
nature is quite different from that of 
the elementary particles. The media
tors are the mortar that binds together 
the building blocks. 

A complete theory of matter, then, 
would consist of a list of the elemen
tary particles and a full description of 
all the ways the particles can interact 
through the mediators. Such a theory 
would explain the occurrence and be
havior of matter-at least in principle. 
The laws would be known exactly, al
though in many real-world situations 
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it might not be possible to solve the 
mathematics or to carry out all the 
calculations that would be required to 
understand the behavior of the sys
tem. (This may seem odd, but it is of-

40r--------------------------------------------------, 

ten the case in physical sciences that 
the laws are known but computation-
al capacities are not up to the task of 
finding solutions for real-world prob
lems. For example, although the ther
modynamic equations that govern the 

0 

earth's atmosphere are known, there � 
is not enough computing power to hl 
predict the weather accurately.) l;:j 

o 
Physicists believe they are on the VI 

verge of having a complete theory of � 
matter. The theory accounts very well 0 
for the forces that hold together nu- � 
clei, atoms and molecules. It is so � 
successful and so widely accepted � 
that it is simply called the Standard 
Model. The only force the model fails 
to encompass is gravity, and theorists 
are working hard to rectify that omis
sion. Meanwhile, the business of parti-
cle physicists is to verify the existing 
theory as far as it goes. Among other 
tasks, they must measure the proper
ties of each elementary particle and 
mediator. It is in measuring the prop
erties of the ZO mediator that the SLC 
has a seminal contribution to make. 

OL---�----------�--------�--------�--------�--� 
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T
hree kinds of mediators are now 
known to exist: photons, gluons 
and weak-force mediators. They 

correspond to three of the four forces 
in nature. Photons mediate the elec
tromagnetic force; gluons mediate the 
strong nuclear force, which binds 
quarks together; weak-force media
tors mediate the weak nuclear force, 
which underlies radioactive decay. 
There may be a fourth kind of media
tor, the graviton, for the gravitational 
force, but it has not yet been observed. 

Photons and gluons have been the 
subject of experiments for years, and 
a good deal is now known about them, 
but the weak-force mediators are still 
terra incognita. Their existence was 
verified only in 1983 at CERN. There 
are three weak-force mediators: W+, 
W- and Zoo None of them is under
stood in detail because they are hard 
to study with the accelerators that 
preceded the SLC. 

To understand why that is so, one 
must know how the mediators are 
produced in the first place. If an ele
mentary particle and its antiparticle
for example, an electron and a posi
tron-pass close to each other, or in 
essence collide, one of them can emit 
a ZO, and the other can absorb it. The 
Standard Model says something else 
can happen as well. If the particles are 
sufficiently energetic, one of them, 
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zO RESONANCE measured at the SLC indicates that the particle's mass is 9 1.2 GeV. 

The curve was provided by Jonathan Dorfan of the Mark II detector group at SlAe. 

say the electron, can emit a ZO, and 
then the positron can absorb the elec
tron: the particles annihilate each oth
er, leaving the Zo momentarily free. 
Afterward, the ZO must decay back 
into a pair of elementary particles, 
such as an electron and positron or a 
quark and antiquark. 

The CERN proton-antiproton collid
ing-beam machine and the Tevatron 
at the Fermilab National Accelerator 
Laboratory in Batavia, Ill., make Zo's 
by colliding protons and antiprotons, 
each of which is made up of three 
quarks. A proton-antiproton colliSion, 
then, is tantamount to many simulta
neous quark-antiquark collisions. Any 
ZO produced in the process is most 
likely to decay into hadrons, but un
fortunately, other types of interac
tions among quarks also produce a 
flood of hadrons. As a result, these 
machines not only produce ZO's but 
also initiate many other reactions that 
mimic the decay modes of ZO's and 
thereby mask the presence of genuine 
ZO events. Consequently, of the Zo's 
produced at CERN and Fermilab, only a 
tiny fraction-those that turn into lep
tons-can be identified. 

The SLC, in contrast, collides two 
elementary particles: an electron and 
a positron. It is designed speCifically 
to produce copious numbers of Zo's 
and very few extraneous events, so 
that almost every ZO produced can be 
detected-in all of its decay modes. 
Particle physicists need to study a 
large number of Zo's in order to get an 
accurate measurement of the parti
cle's mass, lifetime and other proper
ties. With sources like the SLC and LEP, 
the ZO will be the first of the weak
force mediators to have its properties 
determined comprehensively. 

O
ne of the primary goals of the 
SLC experimental program is 
to determine the mass of the 

ZO as precisely as possible. The media
tors are among the basic components 
of the Standard Model, and so their 
masses are fundamental constants
that is, the masses cannot be calculat
ed from the model but instead must 
be measured directly. How is the mass 
determined? As it turns out, the proc
ess of creating the mediator is "reso
nant": the closer the total energy of 
the two colliding particles is to the 
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rest mass of the ZO, the higher the 
probability of creating a Zoo Experi
mentalists collide particles at various 
energies around the expected ZO rest
mass energy and plot the number of 
observed ZO particles. The result looks 
like a hump, with the peak occurring 
at 9 1. 2  GeV, the actual rest mass of the 
ZO measured at the SLC [see illustration 
on preceding page). 

The shape of the ZO resonance curve 
is important for another reason: the 

width of the hump is a measure of 
how many different families of ele
mentary particles exist. Why is that? 
As I explained previously, the elec
tron-positron annihilation leaves a na
ked ZO, which then decays after the 
briefest of lives-about 10-25 second. 
If one imagines that the ZO is a bucket 
full of water, then the more holes are 
punched in the bucket, the faster the 
bucket will empty. Similarly, the more 
different ways there are for the ZO to 

67-MEGAWATI KLYSTRON, the most powerful in the world, supplies the power to 

accelerate the particles in the SLC. Electrons are ejected from the cathode, focused 

into a beam and injected into the input cavity. An alternating electric field in the 

cavity wall causes some of the electrons to speed up and others to slow down. Fast 
electrons catch up with slow ones and form a dense bunch just as they strike the 

output cavity. The waves of bunched electrons generate radio-frequency waves, 

which are diverted into a waveguide. Spent electrons are dumped into the collec

tor. The radio-frequency power is split into two channels and passed through alu

mina ceramic windows to reach a waveguide that directs the power into the linac. 
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decay, the sooner it will decay. Thus, 
by measuring the ZO's lifetime, one 
knows how many families of elemen
tary particles exist. Now, I originally 
referred to the width of the resonance 
curve; how is that related to the life
time? Here one must appeal to the 
uncertainty principle of quantum me
chanics. The principle states that the 
width of the resonance-the uncer
tainty in the ZO's energy-is recipro
cally related to the lifetime of the 
decaying particle. 

What does the width of the reso
nance curve imply for the Standard 
Model? The model calls for six quarks 
and six leptons. The ZO cannot decay 
into just any arbitrary pair of particles, 
however. The combined mass of the 
resulting particles cannot be greater 
than the mass of the ZO; otherwise, the 
process would violate the conserva
tion of energy. It is already known that 
1 1  of the 12 elementary particles have 
masses low enough to be produced 
in pairs by the Zoo On that premise, 
the theory predicts that the resonance 
curve will be 2.5 GeV wide. If the width 
were greater, it would imply that there 
are other types of quarks and leptons, 
beyond those currently encompassed 
by the Standard Model, forming a 
fourth generation of elementary parti
cles. Some physicists think the neutri
nos affiliated with a fourth generation 
could account for the "missing mass" 
in the universe [see "Particle Acceler
ators Test Cosmological Theory," by 
David N. Schramm and Gary Steigman; 
SCIENTIFIC AMERICAN, June, 1988). As 
this article goes to press, this is still an 
open question. 

The SLC, then, offers rich experimen
tal opportunities. It provides the first 
chance to study every decay path of 
the Zoo This is something that cannot 
be done with a proton-antiproton col
lider because of the heavy background 
signals. The SLC will also enable the 
first complete tally to be made of all 
of the elementary particles that have 
masses less than half of that of the Zoo 
And the SLC will also furnish a plenti
ful source of the ZO decay products, 
thereby providing an excellent labora
tory in which to study those particles 
themselves. An experimental program 
to exploit all these features promises 
to keep the SLC busy for years to come. 

T
he physics that will be done in 
conjunction with the SLC is cer
tainly important: it is the same 

prize physicists in Europe will be go
ing after with the LEP Collider. But 
there is another significant story in 
the SLC: as the first linear collider built 
it represents a triumph of accelerator 
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COPPER IRIS 

o KILOMETER 

physics-the physics of building ma
chines that can attain the extraordi
nary conditions in which exotic parti
cles can be forged. 

The simplest kind of linear collider 
would consist of two linacs aiming 
beams of particles at each other-a 
feat likened to colliding two bullets 
by firing two rifles at each other over 
a great distance. In many ways, a lin
ear collider is much more difficult to 
build than a storage-ring accelerator 
of equivalent performance. In a stor
age ring, particles whirl around the 
ring repeatedly and have about 10,000 
chances a second to collide with parti
cles moving in the opposite direction. 
Particles in a linear collider, on the 
other hand, have only one chance each 
time the machine fires. The SLC can 
pulse about 100 times a second. To 
make up for the lower frequency of 
beam collisions, the bunches of parti
cles must be made 100 times more 
dense than the beams in a storage-ring 
collider. To do this, we had to concen
trate about 50 billion particles into 
each bunch and focus it down to a 
diameter of only a few micrometers. I 
shall say more about this later. 

ACCELERATING PIPE WALL 

DISTANCE ALONG LlNAC---?>-

At the SLC this difficulty was com
pounded by the fact that we had 
piggybacked the new design onto a 
20-year-old machine. That original 
linac had been designed to perform 
at less stringent specifications than 
those required for a linear collider. 
What is more, using the linac meant 
we would begin by accelerating both 
the electrons and the positrons in the 
same direction and then depend on a 
tricky maneuver to bring the beams 
into collision. What we did was to split 
the beams with a simple dipole mag
net at the far end of the linac, thereby 
turning the electrons to the left and 
the positrons to the right. The split 
beams were then guided around two 
large arcs that come into contact at 
the tips, like a giant pair of tongs. 

The electron beams are simple to 
make: we pulse a large cathode for a 
brief instant. A short stream of elec
trons issues forth and enters the up
stream end of the linac where, through 
the action of accelerating electromag
netic fields, the electrons are quickly 
gathered into short, intense bunch
es. The positron beam is harder to 
produce: a bunch of high-energy elec-

3 KILOMETERS 

WAKE FIELD E F FECT arises because 

an electron bunch induces electrostat

ic fields in the walls of the acceler

ator pipe·, which in turn can perturb 

the electrons in the wake of the beam 

(top). If the bunch is traveling precisely 
on the centerline, the wake field effect 

will cancel itself out through symmetry, 

but if the beam is off center, the effect 

will throw the tail out of alignment. Tel

evision screens show transverse sec

tions of a well-focused beam (bottom left) 
and of a beam distorted by the effect 

(bottom right). The beam center appears 

white; the edges appear in color. The 

beam is about 250 microns in diameter. 

trons is fired into a target, and posi
trons are winnowed from the resulting 
shower of particles. 

Although both the electron and pos
itron bunches have the requisite num
ber of particles, they are too diffuse. 
If we let these bunches collide, they 
would not produce many interactions. 
It would be as though we were firing 
two shotguns at each other instead of 
rifles and the shot had scattered over 
a broad area. To make the bunches 
sufficiently dense, we need to slim 
down their transverse dimensions so 
that the particles within them will be 
much closer together. This condens
ing process is done inside two small 
storage rings, or "damping" rings. The 
particle bunches are accelerated to 
about 1 GeV and then injected into the 
rings, where the transverse width of 
the bunches is shrunk to a suffiCiently 
narrow dimension. The process is sim
ilar to cooling a gas: as the particles 
throw off synchrotron radiation in a 
damping ring, the average distance 
between them decreases. 

The electrons and positrons remain 
in the damping rings for a fraction of a 
second. The bunches-still at an ener-
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gy of 1 GeV-are then injected back 
into the linac, where they are accel
erated to higher energies as they are 
propelled down its length by power
ful radio-frequency waves; each bunch 
surfs on the crest of a wave. By the 
time the particle bunches reach the 
far end of the linac, they are at the de
sired energy-about 50 GeV-and are 
diverted into the two large arcs and 
brought into collision. The final leg of 
the journey takes each bunch through 
a system of magnetic lenses, which 
squeezes the bunches down to the 
smallest transverse dimension possi
ble, just before the bunches collide at 
the so-called interaction point. 

I have just described one cycle of 
the SLC'S operation. In practice the 
accelerator repeats this cycle many 
times a second. In order to make the 
single linac serve multiple purposes, 
we resort to some fancy choreogra
phy. In each cycle, the cathode is fired 
twice in rapid succession, thereby 
producing two bunches of electrons. 
The bunches proceed down the linac 
and are joined by a bunch of positrons 
(the reader will shortly see where the 
positrons came from), and the three 
bunches, spaced out along a distance 
of about 20 meters, enter the damp
ing rings for a fraction of a second. 
The bunches are then extracted and 
fed one after the other into the linac, 
with the positrons in the lead. About 
two thirds of the way down, a fast-fir
ing pulsed magnet kicks the trailing 
electron bunch out of the linac. That 
bunch is fired into a target to pro
duce positrons. The remaining elec
tron bunch continues down the linac, 

together with the positron bunch, and 
the two bunches finally collide. Mean
while, the newly minted positrons are 
conducted back to the beginning and 
injected into the linac just as two 
fresh electron bunches start their 
journey. Now the machine has come 
full circle. The cycle is repeated 60 or 
120 times a second. 

T
he builders of the SLC had to 
face many new challenges in 
accelerator physiCS. To attain 

acceleration to high energies in a lin
ac, and at the same time achieve sta
ble operation with a dense beam, new 
standards had to be met, beyond any 
that had been met before. 

First, the SLAC linac had to be push
ed to raise its top energy from 30 to 50 
GeV, which required higher acceler
ating electric fields than any attained 
previously in a linac. The two-mile
long vacuum pipe in which the beam is 
accelerated was easily capable of sus
taining the higher fields. The problem 
lay in the klystrons, the six-foot-high 
tubes that generate the radio-frequen
cy power to drive the fields. Even be
fore the SLC was built, the SLAC klys
trons produced the highest peak pow
er-35 megawatts-of any klystron in 
regular production in the world, but it 
was not powerful enough. SLAC physi
cists had to design a new klystron that 
could produce 67 megawatts. 

Klystrons are notoriously difficult 
to make, and there were a large num
ber of failures. We needed hundreds 
of klystrons, and yet at first only a 
dismal 30 percent of the ones that 
were made actually worked. Anoth-

MAGNETS in the SLC arc are aligned to within 100 microns to ensure precise control 

of the beams as they are collided. An engineer measures the magnet positions with 

a surveying instrument while a colleague records the data on a laptop computer. 
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er serious problem was that the alu
mina ceramic windows through which 
the generated power escapes from the 
klystron waveguide into the Iinac kept 
shattering under the explosive libera
tion of power. Early efforts to improve 
the klystrons were disappointing, and 
many observers feared that the SLC 
would never reach beam energies high 
enough to produce ZO particles. 

One by one we overcame the obsta
cles. The window problem was solved 
by splitting the power into two chan
nels and releasing it through two sep
arate windows: each window now had 
to contend with only half as many 
megawatts of power. Arduous efforts 
to maintain the quality of materials 
and workmanship enabled the SLAC 
team to boost the manufacturing yield 
to 85 percent. By the time the SLC 
entered its first trials, it was equipped 
with enough of the new klystrons to 
reach the energies needed to produce 
ZO's. The new klystrons proved to be 
extraordinarily serviceable, and by the 
beginning of this year, SLAC had built 
about 500 of them and had an ample 
supply of backups. 

A second major challenge was to 
create beams of electrons and posi
trons of unprecedented denSity. At the 
interaction point, the beam's cross
sectional diameter is only a few mi
crons, and the particle density is al
most as great as that of molecules in a 
gas at room temperature and pres
sure. That may sound commonplace
and indeed, for ordinary gas mole
cules, it is-but for electrons and pos
itrons it is extraordinary. Beams of 
such charged particles are usually a 
thousand times less dense, because 
they are produced in a hot state; the 
electrons are boiled off a cathode, and 
the positrons are created in a high-ener
gy interaction. As a result, they careen 
back and forth across their intended 
path in a state of great disarray. 

To compress the disorderly beams, 
the designers of the SLC proposed a 
new kind of device, the damping rings 
I mentioned earlier. As the particles 
radiate away energy in the damping 
rings, their back-and-forth motions 
are reduced, or damped. Designing 
these rings was a new art. The design
ers had particular difficulty deviSing 
the "kicker magnets," which apply a 
sharp magnetic pulse to eject particles 
out of the rings. In order to reach the 
peak cycle rate of 120 cycles a second, 
there must be two bunches in the 
damping rings at any given time. Since 
each bunch makes a complete circuit 
in only 800 nanoseconds (800 times 
10-9 second), the challenge is to cre
ate pulses sharp enough to kick one 
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Maybe you've decided to 
reward yourself with an 
ultra-luxury sedan. (Who 
would say you're not entitled?) 
But that doesn't mean you've 
lost your enthusiasm for rev
olutionary ideas. 

Like the no
tion that a car of 
this class should 
reflect your 
intelligence, not 
just your wealth. 

Or that power 
is only a virtue 
when it's properly 
distributed. 

Or that driv
ing a luxury car 
should be more 
than a spectator 
sport. 

Audi agrees. 
And is taking such revolu
tionary beliefs to the streets. 
In the form of the new 
V8 Quattro. 

A car that translates 
Audi's 79 years of unconven
tional automotive thinking 
into unequalled technology. 
And uncompromised 
performance. 

Because its stunningly 
advanced V8 engine and 

automatic all-wheel Quattro® 
drive form a potent combi
nation of power and control. 
And that exclusive combi
nation yields a most exclu
sive kind of exhilaration. 

Pulling away, you immediately feel 
the power. Thanks to on astonish
ingly advanced V8. (So sophisti
cated, two competing design groups 
were involved in creating it.) The 
leichtmetoll block weighs a mere 62 
pounds -yet it reaches a top track 
speed of 146 MPH. 

An ex
hilaration 
that must be 
measured 
over time and over distance 
to be evaluated fairly. So, for 
the next few minutes, take 
the metaphorical wheel And 
take a drive into the future 
of the ultra-luxury sedan. 

From the moment you 
pull away, you sense the 

authority of this innovative 
powerplant. Constructed of 
leichtmetall, it is the world's 
most compact V8.Yet its 
3.6 liters produce 240 HP 
And its 32 valves explain 
the engine's willingness to 
rev freely. The power out
put, the throttle response, 
the smoothness all suggest 
a nearly ideal design con-

That familiar stretch of coastal highway 
still feels fresh. Becouse the four-speed auto
matic transmission offers a choice of three 
Quattra-linked driving programs: "Sport" 
for when you wont to attock the rood; 
"Efficiency" for go-with-the-flow driving; and 
"Manual" for the option of hands-on, clutch
free gearing down 0 steep mountain pass. 

figuration is at work. 
You feel the surge, but 

hear only silence. As the 
venerable Financial Times of 
London (which knows the 
difference between noise 
and news) discovered: "It is 
quiet. At 120 mph on the 
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autobahn, the loudest noises 
to be heard inside this large 
long-legged car were some 
wind roar around the 

, mirrors and whine from 
h " t e tyres ... 

So, you're propelled 

past the wide suburban 
lawns quietly. And quickly. 
You go from 0 to 60 in 
S.7 seconds. Swift, by any 
standards. (Especially on 
the German fast track where 
it competes; in fact, at top 
speed, you're likely to see 
cars like the BMW 735i 
and the Mercedes 420 SEL 
in the rearview mirror.) 

Soon, the winding 

coastal highway becomes 
your plaything, as you set 
the Electronic Driving 
Program to "sport" mode. 
Result? The automatic four
speed ZF® gearbox recali
brates instantly; the perfor-

mance is brisk 
and bracing. 

But power 
alone is not suf
ficient challenge. 
After all, August Horc 
(one of Audi's founders) 
developed Germany's first 
eight -cylinder engine back 
in 1926. To Audi, the issue 
is usable power. 

So your new VS dis-

tributes its power in a revo
lutionary way. Thanks to the 
latest evolution of all-wheel 
Quattro drive. 

How? Three separate 
differentials work in con

cert. Traction is contin
- ually monitored. Wheel 

Conditions look a little dicey? Don't worry, 
The first automatic all-wheel Quattro drive 
extracts maximum traction out of every 
rood surface . Comprised of three separate 
differentials, it detects wheel slip instantly, 
And reassigns power accordingly. 

Another Audi first: internal broke calipers, 
Frantdiscsdeploycolipersat theinnerrodius -
for greater braking surface, better heat 
dissipation, less broke fade , 

slip is detected within 
1/ 50th of a second. And 

system compensates 
accordingly. You enjoy 
special confidence, because 
it widens your margin of 
performance. 

Consider that stretch 
of snow-covered, half
plowed road up ahead. In 
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the blink of an eye, the 
Quattro drive can shift 100% 
of the power from front 
wheels to rear -and back 
again. If necessary, its rear 

differential can even transfer 
as much as 80% of that con-
siderable power from side to 
side. Just as startling, it 
seamlessly choreographs 
such surefootedness with the 
security of anti-lock braking. 
And on a road like this, that 
might make all the difference. 

Of course, Quattro is 
also a fair weather friend -
with similar advantages on 

dry pavement. Need evi
dence? How about the string 
of sunny-day upsets its been 
compiling on the SCCA 
Trans-Am and IMSA-GTO 
circuits? Or its effortless 
way with a curve? Or its 
laser -like precision through 

Even after the sun goes down. an Audi V8 still 
shines. Halogen heodlamps use dual paraboloid 
reflectors for an intensified beam; lenses are 
specially faceted for a more focused "throw." 
Inside. bocklit instrumentation soothes the eyes. 

and 

System is so acoustically precise, even 
the upholstery material is a factor in 
its final equalization. An integrated 
microphone in the driver-side pillar 
permits "hands-free" operation of the 
standard cellular telephone. 

the corners? 
As you're begin

ning to discover, in the 

Audi V8 Quattro, you 
determine where the road 
will take you. 

Unfortunately, in this 
case, it's taking you right 
into stop-and-go traffic. 
Fortunately, you have the 
assurance of another Audi 
first: internal brake calipers. 
By turning traditional brake 
design on its head, the Audi 

V8 provides a 17% larger 
brake surface. Which 
means less heat buildup, 
less brake fade and more 
peace of mind. 

In fact, you take a 
moment to consider your 
good fortune. Surrounded 
by burled walnut trim. 
Ensconced in heated 
leather sport seats. Re
freshed by an Electronic 
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or 
nate Control capable of 
ewing the air every 27 
::mds. Serenaded by an 
:ii/Bose® Music System. 
i protected by a driver-
� Supplemental Restraint 
tern. You sit in sensible 
lIenee. The cellular phone 

)WS for "hands-free" 
�ration. The on-board 
to-Check monitors 13 
11 operating conditions. 
e seats offer 10-way 
ustment. 

You drive on. Alert, 
are and at ease. Even as 
y turns to night. And 
Jan freeways tum to coun
. lanes and mountain 
itchbacks. 

vee 
Though the road twists 

and turns like a Slinky� your 
V8 Quattro is undaunted. 
The newly improved suspen
sion (with its telescoping gas
charged shocks) shrugs off 
the road's worst. Truth is, 
here is where the Audi V8 

Down the road, the Audi 
Advantage provides unequalled 
coverage, including three years 
or 50,000 miles of scheduled 
maintenance at na charge . 

As the miles click by 
uneventfully, you take solace 
in this Audi's farsighted 
design. Shaped from 100% 
galvanized steel, its body 
offers a full decade of rust pro
tection� Equipped with self
diagnosing computers, its 
engine stores service data for 
easy maintenance. And pro
tected by the Audi Advantage, 

its owner enjoys 
years of worry
free driving. 

But while 
the rational 
reasons for 
driving the 
V8 Quattro 
are legion, the 
true reward is 
ultimately 
emotional. You 

excels: tum- simply Jeel it. 
mg raw power And, as you 
into a refined pull into your 
asset and drive, you can 
stepping be forgiven your 
lightly where small measure of 
lesser cars smug satisfaction. 
might trip. In short, as Car After all, at this exact 
and Driver said, it "provides moment, in this exact car, 
what can only be called a life is good. � 
superior driving � 
experience:' The Alternate Route. 

s a registered trademark oj the Bose Corporation. Quattra' is a registered trademark oj Audi AG. *See dealer Jar limited warranty details. Audi recommends obeying all speed limits. 
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bunch out without interfering with the 
other bunch. To succeed, the pulse 
must be turned on and off in about 
50 nanoseconds-the time it takes 
for light to fly a distance of 50 feet. 
The SLC engineers are still working to 
bring the kicker magnets up to that 
goal. Meanwhile, the machine is oper
ating at 60 cycles a second. 

The third challenge was to keep the 
beams compressed as they fly down 
the linac and bend through the arcs. 
The linac environment tends to dis
rupt the bunches. Particles at the front 
of a bunch induce electromagnetic 
fields called wake fields in the walls of 
the accelerating pipe, and these fields 
in turn buffet the back end of the 
bunch, which causes it to spread later
ally. It is as though the bunch were 
whipping its own tail. Wake fields 
become seriously disruptive if the 
bunches are not exactly on the cen
terline of the pipe. Because the pipe 
is not geometrically perfect, the only 
practical way to control the wake field 
effect is to learn by trial and error to 
steer the beam in such a way that the 
effect is as small as possible. The task 
was complicated by the fact that in 
order to save on the cost of drilling 
tunnels through the Stanford hills the 
arcs were made to hug the terrain. 

Finally, all of the SLC'S parts had 
to operate with extraordinary stabil
ity and precision. Computers control 
thousands of magnets and power sup
plies, some of them to within one part 
in 10,000. Maintaining such high tol
erances simultaneously for all of the 
parts was a formidable challenge. 
If adequate performance standards 
could not be met, the beams would 
not collide. After all, the beams at the 
pOint of collision are about the diame
ter of a spider's thread. They must be 
well aimed. 

T
he various systems in the collid
er were all in place by the spring 
of 1987. In the first trials, the job 

of forming the fine bunches and gUid
ing them to the collision point proved 
to be taxing-but that was to be ex
pected, because such precise naviga
tion of a particle beam along a beam
transport channel had not been at
tempted before. Other complications 
in running the SLC came somewhat as 
a surprise. The computer control sys
tem proved more difficult to tame 
than we had expected. And a severe 
heat wave in the summer of 1988 
led to power brownouts and thermal 
prostration of the equipment, which 
kept us on the ground for weeks. 

The effort to make the SLC work 
continued for about two years, and 

IRON CALORI 

LIQUID-ARGON 
CALORIMETER 

STANFORD lARGE DETECTOR shown in this cutaway view will be installed in the 
SLC in 1990. The 4,000-ton detector will surround the collision site in all direc

tions, which will enable workers to characterize every particle track. The vertex de

tector will allow the original position of each particle track to be determined with 

high accuracy. Other detectors are layered like tree rings around the final focus. 

more often than not the thousand
strong SLAC staff worked in shifts 
around the clock. Finally, shortly after 
sunrise on April 11 of this year, the 
massive Mark IT detector found the 
first Zoo The mediator revealed itself 
by decaying into a quark and anti
quark that were transformed almost 
immediately into two showers of had
rons. That event marked the first time 
physicists had seen a ZO do the thing 
it is most likely to do-that is, turn 
into hadrons. 

As the SLC began producing ZO's, 
the LEP Collider, which provided few 
new technical challenges, was raCing 
to completion. The differ�nt technol
ogies for the SLC and LEP imply that 
the two machines will have different 
future capabilities. The LEP can be 
pushed to higher intensities and ener
gies, which will enable physicists to 
search in higher-energy realms for 
such particles as the Higgs boson. The 
SLC, on the other hand, can produce 
beams of particles that all have the 
same spin and should enable experi-

menters to gain more useful informa
tion from certain experiments. Yet al
though the SLC was completed earli
er, the CERN machine promises in the 
long run to be the more prolific source 
of the Zoo In the end, the SLC'S greatest 
significance will be in having proved a 
new accelerator technology, one that 
many physicists think is essential if 
particle physics experiments are to 
proceed into higher-energy realms 
than any attainable by the largest and 
most costly electron-positron storage
ring colliders now envisioned. 
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The Cycling of Calcium 
as an Intracellular Messenger 

The concentration of calcium in a cell has generally been 
portrayed as a switch turning cellular processes on and of{. But 

the ion's role in prolonged responses belies the traditional model 

Two of the more remarkable 
events in the course of evolution 
were the development of the ex

oskeleton of mollusks and, hundreds 
of millions of years later, the bony 
endoskeleton of higher animals. Each 
development represented a new bio
logical use for calcium. Calcium salts 
in the form of shell, bone and tooth 
are familiar materials of bioarchitec
ture; they are visible signs of the im
portance of calcium in the growth and 
function of organisms. 

There is less general awareness, 
however, of an older and more perva
sive role of the calcium ion: within a 
wide variety of animal cells, calcium 
serves as an almost universal ionic 
messenger, conveying signals received 
at the cell surface to the inside of the 
cell. The calcium ion is involved in 
such diverse processes as the regula
tion of muscle contraction, the secre
tion of hormones, digestive enzymes 
and neurotransmitters, the transport 
of salt and water across the intestinal 
lining and the control of glycogen me
tabolism in the liver. 

Whereas the calcification that pro
duces bone involves the ordered dep
osition of large amounts of salts, the 
intracellular messenger function in
volves minute flows of calcium ions 
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across the membranes of cells. In fact, 
calcium ions can carry out their infor
mational role only at very low and 
tightly controlled concentrations, be
cause higher ones are detrimental to 
normal cell function. 

Cells have a simple but elegant set 
of mechanisms by which they regu
late intracellular calcium levels. The 
mechanisms work mainly by control
ling the movement of calcium ions 
across three membranes: the plas
ma membrane, which surrounds the 
cell; the inner membrane of the mi
tochondrion, a cell's energy-produc
ing organelle; and the membranes of 
compartments that contain reserves 
of calcium ions, which are called 
the sarcoplasmic reticulum in muscle 
cells and calcisomes in nonmuscle 
cells. Although the concentration of 
calcium inside a cell remains fairly 
constant, the flow across the plasma 
membrane (the amount of influx and 
efflux) can vary significantly. 

Recently it has become clear that 
such calcium-ion "cycling" across the 
plasma membrane is part of a com
plex chain of events by which cells 
generate sustained responses to stim
uli in their environment. Calcium's 
role in sustained cellular responses, 
such as the secretion of insulin or the 
contraction of the smooth muscle sur
rounding the blood vessels, has his
torically been more elusive than its 
part in transient responses, such as 
the contraction of skeletal muscle. My 
colleagues and I have been able to 
piece together a picture of how cycling 
across the plasma membrane medi
ates sustained cellular responses. We 
have already found similar mecha
nisms operating in three disparate cell 
systems. Our findings have led us to a 
more sophisticated understanding of 
calcium as an intracellular messenger 
than we had even five years ago. 

66 SCIENTIFIC AMERICAN October 1989 

The sensitivity of a cell to very small 
changes in calcium concentration re
flects the ion's very low concentration 
within the cell. The concentration of 
calcium ions is generally 10,000 times 
greater in the fluid surrounding the 
cell than in the intracellular fluid, or 
cytosol. Maintenance of the concentra
tion difference depends on two fea
tures of the plasma membrane: its low 
permeability to calcium and the pres
ence of membrane-bound "pumps" 
that drive calcium out of the cell, 
against the concentration gradient. At 
resting conditions the rate of calcium
ion leakage or influx into the cytosol is 
balanced by a similar rate of pump
driven efflux of calcium ions. 

The Classic Calcium Signal 

When a cell is stimulated by an ex
tracellular signal, channels in its plas
ma membrane open and allow calcium 
ions to enter at from two to four times 
the normal rate. Such channels allow 
calcium but no other ions to flow 
into the cell cytosol. Some ( hannels 
open when a neurotransmitter chang
es the voltage difference that normal
ly exists across the cell membrane; 
others open when a hormone or neu
rotransmitter interacts with a cell
surface receptor that is linked to the 
channels. 

The traditional view of calcium as 
an intracellular messenger is fairly 
straightforward [see "The Calcium Sig
nal," by Ernesto Carafoli and John T. 
Penniston; SCIENTIFIC AMERICAN, No
vember, 1985]. Stimulation by a hor
mone or a neurotransmitter increases 
the calcium-ion concentration in the 
cytosol as calcium channels open in 
the plasma membrane or as calcium is 
released from the sarcoplasmic retic
ulum or from calcisomes. When the 
concentration rises, calcium-binding 
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proteins in the cytosol, such as the 
specific receptor calmodulin, attach 
to calcium ions; the calcium-protein 
complexes then interact with other 
proteins in the cell to alter their func
tions. When the calcium concentration 
in the cytosol falls again, the ions 
dissociate from the receptor proteins 
and the system turns off. 

In this scenario, calcium acts as a 
simple on-off switch that conveys in
formation from the cell surface to the 
cell interior. Calcium does in fact serve 
as such a switch in several transient 
cellular responses, including the se
cretion of neurotransmitters by nerve 
cells and the contraction of skeletal 
and cardiac muscle cells. In each case, 
the rise in calcium-ion concentration 
in the cytosol initiates the response, 
and the fall in calcium-ion concentra
tion terminates it. 

A First Order of Complexity 

While the preceding model of cal
cium's messenger action was being 
developed, a similar model was pro
posed for another messenger mole
cule known as cyclic adenosine mono
phosphate (cyclic AMP, or cAMP). It 
was thought that the synthesis of 
cAMP at the plasma membrane and its 
breakdown in the cytosol represented 
an on-off switch much like variations 
in calcium-ion concentration. At first 
the two switches were thought to op
erate independently. 

Now, however, biologists believe 
that cAMP and calcium usually work 

together to regulate cell behavior. For 
example, cAMP can control the rate 
of calcium cycling across the plasma 
membrane, and calcium can regulate 
the enzymes responsible for the syn
thesis and destruction of cAMP. A sin
gle hormone acting by way of a single 
receptor can cause a simultaneous in
crease in calcium-ion influx and cAMP 
production. 

Finally, both calcium and cAMP ex
ert many of their cellular effects by 
controlling the activity of a particular 
class of enzymes called protein kinas
es. Protein kinases catalyze the trans
fer of phosphate groups from a mole
cule called adenosine triphosphate 
(ATP) to other proteins. The addition 
of a phosphate group alters protein 
function; indeed, widespread protein 
phosphorylation is thought to under
lie the changes in cell behavior in
duced by some extracellular signals. 

The picture of the individual mes
senger functions of calcium and cAMP 
has changed as well. The view that 
calcium ions and cAMP serve as simple 
switches is not borne out in all con
texts. In particular, that paradigm can
not account for sustained cellular re
sponses to the sustained presence of 
an extracellular messenger. 

My colleagues and I have focused on 
the role of the calcium ion in sus
tained cellular responses. We have in
vestigated three such responses: the 
secretion of the hormone aldosterone, 
which regulates potassium metabo
lism, by the cells of the adrenal glo
merulosa (part of the adrenal gland); 

the secretion of insulin by the beta 
cells of the islets of Langerhans in 
the pancreas; and the contraction of 
the smooth muscle cells surround
ing the trachea and many blood ves
sels. In spite of marked differences 
in the nature of these responses and 
the extracellular signals that elicit 
them, we have found that the calci
um ion carries out its role as messen
ger in much the same manner in all 
three cell types. 

A Second Order of Complexity 

Until several years ago, biologists 
thought that sustained, calcium-de
pendent cellular responses resulted 
from sustained rather than transient 
increases in the concentration of calci
um ions in the cytosol. This idea was 
not based on direct measurements of 
calcium. Instead it was founded on the 
belief that calcium acted in a manner 
similar to cAMP, which undergoes a 
sustained increase in concentration 
in response to an appropriate stimu
lus. Yet when the cytosolic concentra
tion of calcium ions was actually meas
ured in stimulated cells, it was found 
that although the calcium-ion concen
tration rose as predicted, it did so 
only transiently and fell back to its 
base level within a minute or so even 
when the cells continued to respond 
for hours. 

This paradox forced us to recon
sider the classic view of calcium-mes
senger function. Accordingly, my col
leagues Itaru Kojima, Kumiko Kojima, 
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AUTOREGUlATION of the calcium flowing across the plas
ma membrane is achieved by the control of calcium pumps. 
The entry of calcium through membrane channels (right) 
increases when a hormone interacts with its receptor. The 
rise in submembrane calcium concentration (Ca2+sm) stim-

ulates the activity of a calcium pump (left) by activating 
the calcium-binding protein calmodulin and the enzyme pro
tein kinase C (PKC). In this way calcium efflux balances cal
cium influx. The rise in submembrane calcium caused by 
such "cycling" constitutes a new kind of calcium messenger. 
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William]. Apfeldorf and Paula Q. Bar
rett further analyzed the alterations 
in calcium-ion metabolism induced 
in the cells of the adrenal glomerulo
sa by the hormone angiotensin II-the 
trigger for aldosterone secretion. We 
learned that whereas in such cells an
giotensin II does cause only a tran
sient rise in the cytosolic calcium-ion 
concentration, it also causes a sus
tained twofold increase in the influx 
of calcium ions. 

This finding presented a second 
paradox. It was generally thought that 
a sustained increase in calcium in
flux would give rise to a sustained in
crease in the cytosolic calcium-ion 
concentration, but clearly that was not 
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DISSOCIATION with time of changes in 
calcium-ion concentration (top) and cell 
response (bottom) is not predicted by 
the classic model of calcium-messenger 
action. These data describe the secre
tion of the steroid hormone aldosterone 
from cells of the adrenal glomerulosa 
(part of the adrenal gland) in response to 
the hormone angiotensin II. The concen
tration of calcium in the cytosol, or intra
cellular fluid, spikes one minute after an
giotensin II is added, but aldosterone se
cretion lasts for more than 30 minutes. 

the case. It was also assumed that a 
sustained increase in calcium influx 
would lead to an increase in the total 
calcium in a cell, but we found no such 
increase. We therefore concluded that 
during the sustained phase of the 
adrenal-cell response, angiotensin II 
causes a sustained increase in calcium 
cycling across the plasma membrane. 

The molecular basis for this remark
able ability of the plasma membrane 
resides in the properties of the calci
um-ion pump. It turns out that this 
pump is activated by a complex of 
calmodulin and calcium. When cyto
solie calcium levels rise, the complex 
interacts with the pump to enhance 
both its efficiency and its sensitivity 
to calcium ions. The efficiency of the 
pump is further enhanced when it 
is phosphorylated by a calcium-acti
vated protein kinase called protein 
kinase C (PKC). The stimulation of 
the pump by the calcium-calmodulin 
complex and calcium-activated phos
phorylation enables calcium efflux to 
compensate for the increased influx. 

Having discovered the change in the 
calcium-cycling rate and defined the 
mechanisms by which it occurs, my 
colleagues and I explored the possibil
ity that the cycling serves as a messen
ger during the sustained cellular re
sponse. We found that if we blocked 
the increase in calcium cycling, the 
response was transient rather than 
sustained. In other words, calcium cy
cling is critical to maintaining a sus
tained response. We concluded that 
such cycling acts as a messenger be
cause it leads to a change in the calci
um-ion concentration in a restricted 
part of the cell-the "submembrane" 
domain within or just beneath the 
plasma membrane. 

The next question we wanted to an
swer was just how this messenger 
acts. We found that simply increasing 
calcium influx was not enough to in
duce a response. Thus, an increase in 
calcium cycling is a necessary but not 
sufficient condition for the induction 
of a sustained response. It became 
clear that a calcium-sensitive, plasma 
membrane-associated "transducer" is 
also required to read the calcium-ion 
message and convert it into a form 
that can affect the rest of the cell. 
Several of these transducer-molecules 
have been discovered in adrenal cells 
and other cell types, but the one of 
present interest is protein kinase C
coincidentally, the same enzyme that 
regulates the activity of the calcium
ion pump. 

The activation of PKC, which enables 
it to act as a transducer for the sus
tained, submembrane calcium signal, 
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is linked to the turnover of a class 
of molecules called inositol phospho
lipids. The metabolism of these mole
cules is regulated by a certain class of 
hormones and neurotransmitters [see 
"The Molecular Basis of Communica
tion within the Cell," by Michael ]. 
Berridge; SCIENTIFIC AMERICAN, Octo
ber, 1985]. When such an agent binds 
to its receptor, an enzyme linked to 
the receptor catalyzes the breakdown 
of phosphatidylinositol 4,5-biphos
phate (PIP2), which is a component of 
the cell membrane. The reaction yields 
inositol-l,4,5-triphosphate ( IP3)  and 
diacylglycerol (DAG). Released into 
the cytosol, IP3 induces the liberation 
of calcium ions from the calcisomes. 
Calcium ions released by this mecha
nism cause a transient increase in the 
calcium concentration in the cytosol. 
The rise promotes the formation of 
calcium-calmodulin complexes, which 
go on to assist in the phosphorylation 
of a speCific subset of proteins by ac
tivating certain protein kinases. 

A Two-Pronged Response 

The calcium transient and DAG, the 
other product of PIP2 breakdown, to
gether cause PKC to associate with the 
plasma membrane. Unlike IP3, DAG re
mains in the membrane; as long as the 
DAG content of the membrane stays 
high, PKC remains associated with the 
membrane as well. The transient re
lease of calcium ions from the calci
somes and the migration of PKC from 
the cytosol to the plasma membrane 
are the hallmarks of the initial stage of 
a sustained cellular response to an 
extracellular Signal. 

Receptor activation also causes the 
twofold increase in calcium-ion influx 
seen at the plasma membrane. The 
mechanism by which this increase oc
curs and the type of calcium channel 
that opens vary from one cell type to 
the next. It is not yet clear whether the 
calcium influx increases as a direct 
result of receptor activation or as 
a result of a signal generated by PIP2 
hydrolYSiS. It is clear, however, that 
the increase in calcium influx, and 
therefore in calcium cycling, is a criti
cally important messenger during the 
sustained phase of the response. 

It is thought that the cytosolic form 
of PKC is relatively inactive. When 
PKC associates with the plasma mem
brane, however, it comes in contact 
with phospholipids (the major compo
nents of the membrane) that increase 
the enzyme's maximal rate of activity 
by a factor of from 25 to 30 and its 
sensitivity to calcium ions by a factor 
of 100 or more. This calcium-sensitive, 
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ACTIVATION of an adrenal glomerulosa cell by angiotensin II 
illustrates how calcium acts as a messenger in two different 
ways during two temporally distinct phases of a prolonged 
cellular response. In the initial phase (top), the binding of an 
extracellular signal to its receptor prompts the breakdown of 
the membrane component PIP2 into IP3 and DAG. IP3 causes 
the release of calcium ions from intracellular compartments 
called calcisomes, resulting in a transient rise in cytosolic 
calcium (Ca2+c). The ions bind to calmodulin, and the calcium
calmodulin complex activates protein kinases (enzymes that 
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transfer phosphate groups to proteins). The phosphorylated 
proteins initiate the cellular response, which in this case is the 
secretion of aldosterone. The calcium ions released from the 
calcisomes and the increase in DAG also prompt the enzyme 
PKC to associate with the membrane. In the sustained phase 
(bottom), angiotensin II increases calcium cycling across the 
membrane, and the resulting rise in the submembrane concen
tration of calcium (Ca2+sm) activates the membrane-associat
ed PKC. This activation brings about the phosphorylation of 
a different set of proteins that sustain aldosterone secretion. 
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plasma membrane-associated form of 
PKC is what acts as a transducer dur
ing the second phase of the sustained 
cellular response. It is the target of the 
localized change in the concentration 
of calcium ions brought about by in
creased calcium cycling. The increase 
in the submembrane concentration of 
calcium ions somehow increases the 
rate at which PKC helps to phosphory
late other proteins. 

The key feature of the model that 
has emerged from our studies of a 
sustained response in adrenal cells is 
the operation of two temporally dis
tinct branches of the calcium-mes
senger system: a calmodulin branch, 
active during the initial phase of re
sponse, in which the transient, IP3-
induced rise in the cytosolic concen
tration of calcium acts on calmodulin
dependent protein kinases to alter the 
phosphorylation of one subset of cel
lular proteins; and a PKC branch, in 
which the rise in calcium concentra
tion in the submembrane domain acts 
on plasma membrane-associated PKC 
to alter the phosphorylation of a dif-

o '" 
o 

ferent subset of cellular proteins in
volved in mediating the second, sus
tained phase of the cellular response. 

This two-branch model of calcium
messenger action seems to account 
not just for the secretion of aldoste
rone from adrenal cells in response to 
angiotensin II but also for the stimu
lation of insulin secretion from beta 
cells and the contraction of smooth 
muscle. In those systems, however, the 
operation of the calcium-messenger 
system depends heavily on the activity 
of the cAMP-messenger system. 

Additional Complexity 

The interactions between calcium 
and cAMP in the regulation of insulin 
secretion are too complex to be ad
dressed fully in this article. I shall 
limit my discussion to the action of 
acetylcholine, a neurotransmitter that 
attaches to specific receptors on beta 
cells and thereby brings about in 
those cells the same signaling events 
that angiotensin II evokes in adrenal 
cells. In beta cells, however, the situa-

3 

tion is more complex than it is in 
adrenal cells, because both the intra
cellular content of cAMP and the ex
tracellular concentration of glucose 
determine how effective the signals 
acetylcholine generates will be. 

The intracellular content of cAMP 
can be increased by the binding of 
certain hormones to specific recep
tors on the beta cell. One such hor
mone, called gastric inhibitory peptide 
(GIP), is released from intestinal muco
sal cells in the course of food intake 
and digestion. When my colleagues 
Walter S. and Kathleen C. Zawalich and 
I studied the combined effects of ace
tylcholine and GIP on insulin secretion 
from isolated islets in the laboratory, 
we found that, as we had anticipat
ed, acetylcholine stimulates the break
down of PIP2, and GIP boosts the pro
duction of cAMP. The remarkable ob
servation was that the effect of such 
stimulation on insulin secretion de
pendedon the extracellular glucose 
concentration. For example, when the 
glucose concentration was similar to 
that present in the blood before a 
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"MEMORY" effect occurs when adrenal cells are exposed to 
successive doses of angiotensin II in the test tube. In the basal 
state (1), calcium cycling is slow, submembrane calcium con
centration is low and PKC is not associated with the plasma 
membrane. The first exposure to angiotensin II (2) causes PKC 
to move to the membrane and increases calcium cycling; these 
changes in turn increase PKC activity, protein phosphoryla-
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tion and the secretion of aldosterone. When angiotensin II is 
removed (3), calcium cycling decreases, but PKC remains as
sociated with the membrane. With subsequent exposure to 
angiotensin II (4), more PKC moves to the membrane, enhanc
ing protein phosphorylation and aldosterone secretion. Thus, 
the persistent association of PKC with the plasma membrane 
gives rise to a type of memory of angiotensin n stimulation. 
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meal, combined acetylcholine and GIP 
increased insulin secretion only brief
ly and to a small extent. If, however, 
the islets were exposed to a glucose 
concentration about 50 percent high
er, which is similar to the one present 
in the blood from 30 to 60 minutes 
after a meal, the same combination of 
acetylcholine and GIP caused a signifi
cant and sustained increase in insulin 
secretion. 

The results from these studies and 
from studies in other laboratories led 
us to conclude that the different con
centrations of glucose altered the ef
fects of acetylcholine and GIP on cal
cium influx. In the case of the lower 
glucose concentration, acetylcholine 
and GIP had little or no effect on calci
um influx, but at higher glucose con
centrations, they stimulated the influx 
by way of a specific type of voltage
dependent membrane channel. In the 
beta cell as in the adrenal cell, a sus
tained increase in calcium influx (and 
hence calcium cycling) is essential for 
a sustained cellular response. 

Glucose acts as a conditional mod
ifier of beta-cell responsiveness by 
controlling the electrical potential of 
beta-cell membranes. When blood glu
cose is low, the membrane potential is 
high, and voltage-dependent calcium 
channels in the cell membrane stay 
closed even when acetylcholine initi
ates a depolarization-a reduction in 
voltage across the membrane. When 
blood glucose is higher, however, the 
membrane becomes partially depolar
ized: it is poised so that the additional 
depolarization caused by acetylcho
line induces channels to open, letting 
calcium into the cell. 

Furthermore, the increase in cAMP 
concentration that results from stim
ulation by GIP also causes certain la
tent calcium channels to become sen
sitive to voltage, so that an increasing 
number of channels respond when an 
appropriate change in membrane po
tential occurs. Thus, the rate of calci
um-ion influx-and hence of calcium 
cycling-is increased by two different 
mechanisms when acetylcholine and 
GIP act in concert at the proper glu
cose concentration. 

From a physiologic point of view, 
the control of the calcium-ion influx 
rate in this way provides a fail-safe 
mechanism to prevent an inappro
priate secretion of insulin when the 
blood glucose is low-before a meal, 
for example. A similar fail-safe sys
tem operates in adrenal glomerulosa 
cells. A major effect of the aldosterone 
they secrete is to lower the concen
tration of potassium in the blood. 
A rise in extracellular potassium-ion 

PROTEIN PHOSPHORYLATION 

KINASE "CASCADE" may explain the ability of PKC activation to alter the phosphory
lation of proteins in remote parts of the cell even though the enzyme remains at the 
plasma membrane. The cascade would begin with PKC activation; PKC could phos
phorylate and thereby activate other kinases (green), which would in turn activate 
still other enzymes to modify the function of many different target proteins (red). 

concentration partially depolarizes the 
adrenal-cell plasma membrane; the 
system is thereby poised so that a 
particular type of voltage-dependent 
channel opens when angiotensin II is 
present. When blood potassium falls 
to a low value, the plasma membrane 
becomes hyperpolarized, the channels 
are closed and angiotensin II cannot 
open them. Consequently, angiotensin 
II cannot elicit a sustained increase 
in calcium influx or in aldosterone 
secretion when blood potassium is 
low. This fail-safe mechanism prevents 
secretion of aldosterone when an in
crease in the plasma concentration 
of the hormone could have lethal 
consequences. 

Altered Responsiveness 

Whether the calcium signal acts 
alone or in concert with cAMP, the two 
events of critical importance in main
taining a sustained cellular response 
are the association of PKC with the 
plasma membrane and an increased 
rate of calcium-ion cycling across the 
membrane. In the case of angiotensin 
II's activation of adrenal glomerulosa 
cells, those two events take place si-

multaneously. In certain circumstanc
es, however, the events are temporally 
dissociated. 

For example, in adrenal cells the 
membrane association of PKC and the 
increased calcium cycling can become 
uncoupled to produce a kind of cellu
lar "memory." If isolated adrenal cells 
are perfused in the laboratory with 
angiotensin II for three periods of be
tween 15 and 20 minutes, separated 
by intervals of similar duration, the 
aldosterone secretion that occurs dur
ing each successive exposure is higher 
than the secretion during the preced
ing one. Clearly, the adrenal cells "re
member" their previous exposure to 
angiotensin II. 

That memory is transient; the long
er the interval between exposures to 
angiotensin II, the less striking the 
increase in the secretion of aldoste
rone. The basis of this phenomenon 
seems to lie in the fact that the PKC 
associated with the membrane does 
not dissociate immediately when the 
angiotensin II signal is terminated. Ad
ditional exposure to angiotensin II not 
only reactivates the PKC that is still 
associated with the plasma membrane 
but also recruits additional PKC mole-
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cules to the membrane. The result is 
an enhanced response on reexposure 
to angiotensin II . 

Another example of the same per
sistent association of PKC with the 
plasma membrane comes from the 
action of acetylcholine on beta cells. 
Recall that when levels of blood glu
cose are low, acetylcholine stimulates 
the breakdown of PIPz but does not 
cause a significant increase in insulin 
secretion because it does not increase 
the rate of calcium cycling. What could 
be the role of the acetylcholine signal 
at that time? My colleagues the Zawa
lichs and I think we have an answer. 

We propose that by stimulating 
a transient, IP3-induced elevation of 
cytosolic calcium concentration and 
the generation of DAG, acetylcholine 
brings about the translocation of PKC 
to the plasma membrane of the beta 
cell. Because calcium cycling has not 
increased, the PKC is membrane-asso
ciated but is not activated; it is avail
able, however, to become activated 
when the small, postprandial increase 
in glucose concentration occurs and 
leads to a calcium influx. Acetylcho
line, then, acts to prepare beta cells 
to respond to a postprandial rise in 
blood glucose concentration with a 
greater release of insulin than the hor
mone would otherwise bring about. 

Kinase Cascades 

My colleagues and I extended our 
investigation of sustained cellular re
sponses by looking at the contraction 
of smooth muscle, one of the most 
common tissues in the human body. 
Smooth muscle-which unlike skele
tal muscle is not under voluntary con
trol-is a key component of the walls 
of the trachea and bronchi and of the 
blood vessels, ureter, stomach, intes
tine and uterus. Susanna S.-c. Park, 
Yoh Takuwa, Grant G. Kelley, Hermann 
Haller and I have focused our studies 
on the smooth muscles of the trachea 
and carotid arteries in the cow. Acetyl
choline induces a rapid and sustained 
increase in the contraction of tracheal 
muscle, and the extracellular signal 
histamine induces the same kind of 
response in the carotid artery muscle. 

A model nearly identical to the one 
developed for angiotensin II action 
in adrenal cells seems to account for 
the action of both signals. The initia
tion of contraction is brought about by 
a transient rise in cytosolic calcium, 
which stimulates the calmodulin-de
pendent enzyme myosin light-chain 
kinase. A transient increase in the ex
tent of phosphorylation of the myo
sin light-chain protein follows, which 
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initiates a rapid but transient con
tractile response. At the same time, 
the rise in cytosolic calcium (along 
with the DAG produced by PIPz break
down) also induces PKC to associate 
with the membrane, as it does in adre
nal cells. During the sustained phase 
of muscle contraction, a rise in calci
um-ion concentration in the submem
brane domain of the cell activates the 
plasma membrane-associated PKC, so 
that a number of proteins become 
and remain phosphorylated, prolong
ing contraction. 

Two of the high-molecular-weight 
proteins that are phosphorylated dur
ing smooth muscle contraction, name
ly desmin and caldesmon, have shed 
light on a question presented by our 
new model: How does plasma mem
brane-associated PKC exert its- effeets 
on proteins at distant locations in the 
cell? Desmin and caldesmon are two 
such proteins, localized in domains of 
the cell that are remote from the site 
of PKC action. Given their intracellular 
location and their associations with 
complex, highly organized macromo
lecular structures, it is unlikely that 
either of these proteins shuttles be
tween its particular domain and the 
membrane region where PKC operates. 

Yet our own studies and those of 
David R. Hathaway and his colleagues 
at the Indiana University Medical Cen
ter show that both proteins do in fact 
become phosphorylated during the 
sustained phase of tracheal or carotid 
artery smooth muscle contraction. In 
the test tube PKC will phosphorylate 
desmin and caldesmon directly. Close 
examination reveals, however, that the 
site of this test-tube phosphorylation 
is different from the site of phosphor
ylation during the contraction of in
tact muscle in response to treatment 
with either acetylcholine or histamine. 

We derive two conclusions from 
these results. First, many intracellular 
proteins may be potential substrates 
for a given protein kinase, but in the 
cell they do not serve as such because 
they reside in a subcellular domain 
different from the one in which the 
kinase normally functions. Second, the 
phosphorylation of desmin and cal
desmon in the stimulated muscle is 
probably achieved by a protein kinase 
other than PKC. 

Because PKC does seem to trigger 
the phosphorylation, we postulate the 
presence of protein kinase "cascades" 
in which one or more of the substrates 
of PKC are themselves protein kinas
es. Kinase phosphorylates kinase until 
eventually one of the kinases in the 
cascade phosphorylates, say, desmin 
or caldesmon. Workers have already 
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seen such a cascade in the action of 
insulin on its target cells. 

A New Calcium Messenger 

In our studies of calcium-messen
ger function in sustained cellular re
sponses, we have found that, contrary 
to the classic model of calcium as 
messenger, a rise and fall in the cyto
solic concentration of calcium ions 
appears to operate as an intracellu
lar messenger only during brief cel
lular responses or during the initial 
phases of sustained responses. During 
the sustained phase, a calcium signal 
is generated in a restricted region of 
the cell membrane by an increase in 
the rate of calcium cycling across the 
membrane. This submembrane calci
um signal acts on calcium-sensitive, 
plasma membrane-associated trans
ducers to generate other signals. By 
and large, it is messengers generated 
by the transducers-rather than calci
um or the transducers themselves
that convey information from the cell 
surface to the cell interior. 

Much remains to be learned about 
kinase cascades and about the sepa
rate control of calcium cycling and the 
plasma membrane association of PKC. 
Yet already a growing awareness of 
this new type of calcium-ion messen
ger has contributed to research on as
sociative learning [see "Memory Stor
age and Neural Systems," by Daniel 
L. Alkon; SCIENTIFIC AMERICAN, July]. 
Because it touches on insulin secre
tion and blood-vessel constriction, re
search on the messenger should illu
minate the sequence of events leading 
to diabetes and high blood pressure 
as well. 

FURTHER READING 
CALCIUM AND cAMP AS SYNARCHIC MES

SENGERS. Howard Rasmussen. John Wi
ley & Sons, Inc., 1981. 

INTRACELLUlAR CALCIUM: ITS UNIVERSAL 

ROLE AS REGULATOR. Anthony K. Camp
bell. John Wiley & Sons, Inc., 1983. 

THE CALCIUM MESSENGER SYSTEM. How
ard Rasmussen in New England Jour
nal of Medicine, Vol. 314, No. 17, pag
es 1094-1101; April 24, 1986 and Vol. 
314, No. 18, pages 1164-1170; May 1, 
1986. 

A SPATIAL-TEMPORAL MODEL OF CELLAc

TNATION. Daniel L. A1kon and Howard 
Rasmussen in Science, Vol. 239, No. 
4843, pages 998-1005; February 26, 
1988. 

PHOSPHORYLATION OF CALDESMON IN 

ARTERIAL SMOOTH MUSCLE. Leonard 
P. Adam, Joe R. Haeberle and David 
R. Hathaway in Journal of Biological 
Chemistry, Vol. 264, No. 13, pages 
7698-7703; May 5,1989. 
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SCIENCE AND BUSINESS 
Light Talk 
U.S. and Japanese compete 
to put optical fibers in the home 

F
iber-optic cables are finally com
ing home. During the past few 
years telecommunications com

panies have stretched such cables 
across continents and under oceans to 
carry data over long distances. Region
al phone companies have linked cen
tral switching offices with fiber cables. 
Now the local phone companies and 
equipment manufacturers are work
ing together to string fiber all the way 
to consumers' doors. 

Marshall McLuhan's global village 
awaits. The optical links, able to car
ry many times as much data as cop
per cables, should make vast amounts 
of inJormation, pictures and sound 
available at home. For telecommunica
tions equipment manufacturers, fiber 
to the home means a vast new market 
totaling at least $ 100 billion in the 
U.S., according to a report last year by 
the National Research Council. Glob
al villages, however, demand low-cost, 
reliable photonics components--de
vices that replace electrons with pho
tons and are the lifeblood of optical 
communications networks. These in
clude optical-fiber cables, laser-based 
transmitters and receivers and a col
lection of devices for tightly packing 
signals, regenerating them and so on. 

Homespun fibers, 
live-in robots, 
green profits, 
costly capital 

Yet u.s. companies, including AT&T, 
still lag in manufacturing, says Stew
art D. Personick of Bell Communica
tions Research, who contributed to the 
National Research Council's photon
ics report. As a result, they may find 
themselves scrambling for a share of 
the market. "There are five or six big 
Japanese companies all going after the 
fiber-to-the-home market," says David 
V. Lang, a director at AT&T Bell Lab
oratories. "We can't take on Japan by 
ourselves." 

No one questions American prow
ess in photonics research. U.S. engi
neers invented much of the early tech
nology and hold critical patents on 
lasers and optical fibers. Current U.S. 
research efforts are among the best in 
the world. At a meeting this summer 
in Japan, a team of engineers from Bell 
Communications Research and AT&T 

MICROSCOPIC lASERS, (rom one to five microns in diameter, were chiseled (rom a 
multilayered semiconductor substrate by a team of workers (rom Bell Communica
tions Research and AT&T Bell Laboratories. A million of the lasers occupy a square 
centimeter on a chip. 
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Bell Laboratories astonished their in
ternational colleagues by packing two 
million lasers on a tiny substrate. Al
though strictly experimental, the tech
nique for building such chips may be 
an important step toward the better 
integration of electronics and optics. 

In past years AT&T has parlayed its 
strength in optical fibers into a strong 
business in long-distance equipment. 
Apart from laying down long-distance 
cables in the U.S., AT&T has won con
tracts to run a second set of optical 
cables across the Atlantic and Pacif
ic oceans in the early 1990's. Japan's 
telecommunications giant, NIT, has 
also selected AT&T to build a very 
high speed (2.5 gigabits per second) 
long-distance network in Japan. But 
AT&T faces much stiffer competition 
in the manufacture of other photonics 
components. "There are literally doz
ens of equipment vendors," says Bill 
Judge, a manager with NYNEX. "It's 
anybody's ball game if they can bring 
down the cost." 

Cost is at the crux of the fiber-to· 
the-home industry. Until this year, the 
regional Bell companies had been re
luctant to construct fiber networks 
to homes because it was too expen· 
sive. Investments in long-distance fi
ber lines could be justified on the 
basis of the additional capacity such 
networks would provide. But the lo
cal phone companies are discouraged 
from raising rates simply to cover the 
cost of wiring with fiber. They must, 
therefore, find ways to lay fiber net
works that are no more expensive 
than copper ones from the start, Judge 
says. Now, as the price of fiber has 
dropped, regional phone companies 
have initiated about 20 fiber-optic pi
lot projects for homes. 

Already, the local phone companies 
say, a diverse range of manufacturers 
have offered full fiber-to-the-home 
networks. At the top of the list have 
been AT&T and Canada's Northern 
Telecom. Southern Bell used both 
companies in its four pilot fiber net
works for transmitting voice. But as 
Southern Bell gears up to invest heavi
ly in fiber to the home, it is looking 
beyond these suppliers, says Robert A .  
Morrow, a manager a t  Southern Bell. 
He says that contracts are being final
ized with four manufacturers. "If you 
can come in at a certain price, we'll 
buy from you," he emphasizes. 

NYNEX turned to a small company 
called Raynet, based in Menlo Park, 
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SCIENCE/SCOPE® 

A small satellite earth station, capable of simultaneously receiving voice, video, and digital data 
information, allows companies to reduce their communications costs. The Hughes Aircraft Company 
Personal Earth Station™ uses patented demand-assigned, packet-switched transmission techniques, in 
which different types of information are transmitted over a single communications channel as small, 
high speed data packets. Other types of communications systems require expensive, separate channels 
for voice, video and digital data information. The earth stations are part of Hughes' Very Small 
Aperture Terminal network, which provides end-to-end satellite communications for private business 
data networking and videoconferencing. 

Application of integrated circuit processing technology may lead to higher density packaging. For the 
US. Navy's VLSIC Packaging Technology (VPT) program, Hughes will apply its high-density multichip 
interconnect (HDMI) technique which uses integrated circuit processing technology to build the 
substrate circuitry in a hybrid package. The polymide dielectric used in the HDMI process is 
considered excellent for high-frequency device applications. The packaging technique is aimed at 
meeting the need for higher density hybrid microelectronics to take advantage of the next generation of 
integration using Very High Speed Integrated Circuits (VHSIC-II) chips. 

A faster, deeper running, more accurate torpedo will counter enemy submarine threats through the 
year 2000. The Mk-48 Advanced Capability (ADCAP) wire-guided torpedo, under production at 
Hughes for the US. Navy, uses an advanced digital-based active sonar, an inertial measurement unit, a 
signal processor and two computers to home in on fast moving targets in shallow water, high seas, 
strong thermal gradients, even under ice. A long, thin communications wire between the torpedo and 
submarine serves as a real-time relay for changes in the torpedds attack functions, improving the 
probability of interception. 

Image processing computers will perform 100-billion operations per second in a package slightly 
larger than a tuna fish can. Under development by Hughes for the US. Air Force, the new 3-D 
Computer consists of a number of integrated circuit wafers stacked like records in a juke box. Each 
wafer contains a large array of processors with each processor connected directly to its four 
neighbors. Using a unique technology, signals are passed vertically through each wafer. Adjacent 
wafers are connected via "microbridges," permitting the distribution of signals to all other cells in a 
vertical column. The computer's signals are thus moving in three dimensions instead of two. This 
ultra-fast supercomputer will be used in space-based missions and applications like image and radar 
signal processing. 

Engineers and scientists are eligible for approximately 100 Hughes Fellowships awarded for the pursuit 
of Master's and doctoral studies in Engineering and Science. All Fellows work full time at Hughes 
during the summer, with Work -Study Fellows working part time during the academic year and Full
Study Fellows attending classes full time. Fellows receive full academic expenses plus stipends for 
studies at approved universities. Additionally, Hughes offers a two-year, entry-level rotation program 
that enables qualified BS and MS graduates to diversify their engineering experience. For more 
information contact the Hughes Corporate Fellowship Office, Dept. S2, C 1 IB 168, P. 0. Box 45066, 
Los Angeles, CA 90045-0066. US. citizenship may be required. Equal Opportunity Employer. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 

HUGHES 
<1:J 1989 Hughes Aircraft Company Subsidiary of GM Hughes Electronics 
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Food with thought. 

A 
great deal of care, 
thought and prepar
ation goes into our 
international First 
and Executive Class 

cuisine. With continental 
and regional dishes such as 
this Beef Tenderloin Careme, 
we've recently won our sec
ond National Restaurant 
Award in the last three years. 
Judge for yourself. Once you 
try food like this, you won't 
give anyone else's a second 
thought. To fly First or Ex
ecutive Class to Europe or 
Asia, call your travel agent or 
Northwest at 1-800-447-4747. 
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Calif., when it began its first fiber-to
the-home project this summer. Ray
net offers an unusual topology that 
it says is cheaper than AT&T's archi
tecture. In AT&T's design, a central 
office serves as a hub for a collec
tion of remote terminals, which in 
turn serve an array of curbside opto
electronic boxes, in which the optical 
signals are switched. These then be
come the hubs that are linked, via fi
ber-optic spokes, to each of the house
holds in the network. 

In contrast, Raynet has designed a 
bus architecture. A fiber-optic cable 
runs through an area; hanging off that 
bus are as many as two dozen links 
to curbside nodes, each of which is 
then connected to three or four hous
es. The topology reduces the num
ber of optoelectronic devices needed. 
Moreover, whereas AT&T architecture 
brings fiber to every doorstep, Ray
net relies on high-speed copper cables 
to link the nodes to the individual 
homes. Over a few hundred yards, 
Judge says, copper cables can trans
mit data at about 1.5 megabits per 
second. Eventually, as prices for pho
tonics devices drop, he says, dedicated 
fibers will replace these copper cables. 

As AT&T works to make headway in 
the fiber-to-the-home market, it will 
rely increasingly on its Solid State 
Technology Center, which opened last 
year in Pennsylvania. The purpose of 
the center is to push devices faster 
from the idea stage to manufacturing. 
Although the lab is exploring every
thing from new photonics materials to 
optical-component subsystems, there 
is a strong emphasis on economics. 
"The old Bell system made everything 
it needed in a controlled way so it built 
the best system," Lang says, regardless 
of the cost. "Now our challenge is to 
come up with the best cost-to-per
formance ratio." -Elizabeth Corcoran 

Homebody 
The "father" of robotics 
plots its future 

W
hen Joseph F. Engelberger 
quit Unimation in 1984, he 
announced he was retiring 

from the robotics industry and bought 
a sailboat. Sailing lasted about two 
months. Now the man often credited 
with sparking the industrial robotics 
industry wants to put a robot in every 
home. "I want it to scrub the floor, 
cook the meals, get outside and wash 
my car and handle security and all 
those things," he says enthusiastically. 

Engelberger's love affair with robots 

ROBOT POSES Wl1H ITS CREATOR, Jo
seph F. Engelberger. The robot-an ear
ly model-was designed to deliver din
ner trays directly to hospital patients. 
Engelberger is working on larger ro
bots that will wash and vacuum floors. 
Photograph by Wayne Sorce. 

began more than 30 years ago. Back 
then his ideas met with skepticism 
and apathy; robot fever finally took 
hold in the late 1970's, only to fade 
quickly. Recently, however, the Ro
botic Industries Association has be
gun predicting a comeback for U.S. in
dustrial robots: sales reached almost 
$290 million in the first half of 1989 
as compared with about $330 million 
for all of last year. 

As Engelberger seldom tires of tell
ing, the robotics industry began at a 
cocktail party in Westport, Conn., one 
evening in 1956. George C. Devol, an 
inventor with a string of patents, was 
pitching his latest ideas about an in
dustrial robot. Devol had not yet built 
a robot, nor had he had any luck trying 
to convince "an awful lot" of corpora
tions to invest in one. Yet he caught 
the imagination of Engelberger, then a 
company manager. 

"I suppose in the haze of alcohol it 
looked like a better idea than it really 
was," Engelberger says. As a student at 
Columbia University, Engelberger had 
been thrilled by Isaac Asimov's tales 
of robots. Now he was hooked. Auto
mated machines dedicated to a sin
gle task already existed. Devol envi
sioned building programmable "pick 
and place" machines that could under
take a variety of tasks. 

After touring several factories, En-

gelberger and Devol concluded that 
the automobile industry was ripe for 
robots. Building cars was a steadyproc
ess that involved heavy machinery and 
so was well suited for strong, albeit 
slow, one-armed robots. Most impor
tant, men worked in multiple shifts. 
"We were trying to replace labor on 
economic grounds," Engelberger says. 

By about 1959 Engelberger and Dev
ol secured enough funding to build 
their first robot, which was delivered 
to a General Motors plant in New Jer
sey in 196 1. The Unimate, as Devol 
named it, was a hydraulic-powered 
robot that ran a die-casting machine. 
To "learn" its task, the robot was led 
painstakingly through the process so 
it could make a digital magnetic re
cording of what it did as it went. 

Orders came slowly and often from 
surprising quarters. Many early cus
tomers were what Engelberger now 
calls "irrational buyers," people curi
ous about the new tools and eager to 
try them out. In 1962 the chairman of 
Pullman Railcars, charmed by the idea 
of robots, contributed $3 million to 
the newly formed Unimation in ex
change for 5 1  percent of the company. 
Unimation's first major success came 
in 1966 when General Motors bought 
66 robots to do spot welding in its new 
Youngstown, Ohio, plant. 

Although colleagues recall that En
gelberger made technical contribu
tions to robot deSign, he became more 
widely known as a showman of robots. 
Unimates made their debut on a John
ny Carson show in 1967 by putting a 
golf ball into a cup and conducting the 
orchestra. A Unimate showed up in a 
beer commercial. "At that time, it was 
very hard to get enough attention," 
Engelberger says, "so you did gags." 
On the Dean Martin show, "I was ask
ing, 'When do I get to tell people what 
the robot really does?' and they said, 
'Oh, we can't give any boosts on our 
show.''' So the robots did tricks, Engel
berger recollects. 

Engelberger helped to lay the foun
dations for Japan's robotics indus
try as well. In 1967 that government 
flew him to Japan first-class to give a 
presentation on robots. "Where I had 
trouble getting eight or 10 people to 
listen to me in the U.S., they brought 
600 people in for a lecture," Engelber
ger says. (The audience consisted of 
engineers and senior executives.) By 
the end of the trip, Engelberger had 
agreed to license Unimation's tech
nology to Kawasaki Heavy Industries. 
"The license was a good idea," he ar
gues. Others have raised doubts, par
ticularly now that Japan dominates 
the field. But Engelberger counters 
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that the Japanese copied the robots 
built by other small u.s. companies. 

Unimation took 14 years to become 
profitable, but by the early 1980's it 
had cornered more than 30 percent of 
the robotics market and had placed 
more than 7,000 robots in factories. 
Its Puma line, which had rotational 
joints and could assemble parts or 
weld metal seams, rapidly won ac
ceptance. Robots from the U.S., Japan 
and Europe were selling briskly. For
mer Unimation engineers were start
ing their own companies. "I would 
be baffled by an average [industrial] 
growth rate of less than 3S percent 
annually through the decade," Engel
berger wrote in Industrial Robotmaga
zine in 1983. 

Yet trouble was on the way. The rosy 
estimates of the future market attract
ed too many manufacturers, says Mau
rice J. Dunne, a retired Unimation vice
president. According to Engelberger, 
the large manufacturers that entered 
the industry were willing to absorb 
losses to win business. When General 
Motors co-founded GM Fanuc Robotics 
(with the Japanese manufacturer Fa
nuc), Unimation lost 60 percent of its 
business, Dunne adds. 

Westinghouse Electric bought Uni-
mation in 1983 for $ 107 million. But 
within a year, Unimation and the in

-------------------------------1 dustry were in a tailspin. Critics have 
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charged that Unimation failed to keep 
pace with technology; they argue it 
should have replaced the Unimate's 
hydraulic-power system with electric 
motor drives and added more micro
electronics. Engelberger counters that 
the early Unimates were well equipped 
for many tasks and the company's 
West Coast division employed ad
vanced electronics. ( The division is 
now a freestanding company called 
Adept Technology and is a leading 
robot maker for the electronics indus
try.) After about six years Westing
house absorbed some of Unimation 
and sold the remaining pieces. 

Engelberger, meanwhile, was explor
ing mobile robots with tactile and vi
sion sensors. He founded Transitions 
Research Corporation in Danbury, 
Conn., and began work on a robot that 
could do housekeeping chores. 

TRC has several prototypes now; 
two experimental "HelpMate" robots 
scoot around a local hospital fetching 
dinners for patients. The boxy robots 
even use the elevators. At the TRC of
fice, a similar robot practices vacuum
ing the floor of a mock living room. 
Another aspires to scrub floors. "The 
dream, back to Asimov," Engelberger 
says, "is that a machine is most robot
ic when it is most human." -E.C. 
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Good Intentions 
Earning money the 
socially conscious way 

W
ant to better the environ
ment? You could recycle your 
trash-or, some fund manag

ers suggest, you could put your mon
ey in socially conscious investments. 

Investing in companies that boast 
strong records of environmental pro
tection and show other signs of so
cial consciousness is a growing trend, 
says Gordon Davidson, executive di
rector of the Social Investment Forum 
in Boston, an association for invest
ment managers. In early September 
the forum established a project-the 
Coalition for Environmentally Respon
sible Economies (CEREs)-devoted to 
fostering investments in companies 
with sound environmental policies. 

Even though social investments 
amount to about $450 billion, they 
represent less than 10 percent of the 
more than $5 trillion invested in U.S. 
corporate stocks and bonds. About 
80 to 90 percent of all social invest
ments simply avoid companies that 
invest in South Africa, Davidson ob
serves. The $ 3 50-million Calvert Social 
Investment Fund in Bethesda, Md. , 
automatically rejects companies in
volved with nuclear energy, South Afri
ca and weapons systems, then looks 
for companies that pass minimum 
standards in such areas as environ
mental safety and employee relations. 

Still, "there's no perfect company," 
says Andrew Rubinson, an assistant 

portfolio manager at the Parnassus 
Fund in San Francisco. For instance, 
many high-technology companies in 
Silicon Valley treat employees well 
and donate to charities-but have 
soiled environmental records. On the 
flip side: not all "environmental tech
nology" funds invest in socially re
sponsible companies, experts say. 

Getting a clear picture of the be
havior of a large corporation can be 
difficult, too. Fund managers at the 
U.S. Trust Company of Boston, who 
oversee the Calvert Social Investment 
Fund, often call environmental groups 
to assess companies' records. A hand
ful of firms, such as Franklin Research 
& Development in Boston, publish 
reviews of companies. CERES has set 
some broad environmental standards. 

A company's good behavior does 
not necessarily mean it will produce 
good returns, says W. Scott Klinger, a 
vice-president at Franklin Research. 
But in the hands of an adept manager, 
social funds can earn as much as con
ventional ones do, he adds. Investors, 
moreover, may have dual motives for 
investing in such funds. "Some are 
altruistic," says David J. Schoenwald, 
vice-president of the New Alternatives 
Fund in Great Neck, N.Y. "Other inves
tors think they'll earn great returns in 
the '90's," he adds. They may have a 
point: under the current administra
tion, corporations with faulty environ
mental records may have to pay huge 
clean-up bills that will hurt their prof
itability. As a result, cleaner compa
nies may indeed turn out to be good 
investments. -E.C 

THE ANALYTICAL ECONOMIST 
The cost of capital 

I magine two manufacturers-one in 
the U.S. , the other in Japan-each 

weighing whether to add a production 
line. The expansion would cost each 
company $100 million this year but in 
the long run could help the company 
to grab a larger market share. The U.S. 
managers argue that the investment 
must pay for itself in four years; the 
Japanese managers give it eight. As a 
result, the U.S. company decides the 
deal is too risky and forgoes the in
vestment even as its Japanese compet
itor proceeds. 

Was the U.S. firm shortsighted or 
economically prudent? Ceteris pari
bus, or all else being equal, as econo
mists are fond of saying, both firms 
may have chosen wisely. The differ
ence, say economists and business 
leaders, is that U.S. companies per-

ceive the "cost of capital" to be high
er than do their competitors overseas. 

Why should capital cost more here 
than there? In broad terms, the cost of 
capital is the expense of securing the 
funds used to buy facilities and equip
ment. A more precise definition is the 
one employed by George N. Hatsopou
los, chairman of Thermo Electron, and 
Stephen H. Brooks, an economic con
sultant, who together did a landmark 
study on the subject. They describe 
the cost of capital as the rate of return 
(accounting for inflation, depreciation 
and taxes) that companies calculate 
they must earn on an investment in 
order to justify spending the money in 
the first place. 

Capital comes in two basic flavors: 
debt (such as bank loans and corpo
rate-issued bonds) and equity (such as 
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stock). Varying the proportions of 
debt and equity in financing a deal 
changes the cost-and the risk-of the 
project. The trade-off: from the van
tage of u.s. managers, equity is less 
risky, but debt is cheaper in compari
son. (Debt payments are tax-deducti
ble; dividends paid to stockholders are 
not.) Debt has typically been cheap-

lO r-----------------------� 

er in japan as well, but managers there 
may not perceive debt financing to be f
particularly risky, economists say. dj 

What governs the costs and risks of � 
these types of financing? The cost of "

debt reflects prevailing interest rates. 
These rates rise and fall: banks' lend-
ing rates vary with the tides of the 
economy, whereas bond yields largely 
reflect Wall Street's assessment of a 
company's creditworthiness. The cur
rent U.S. prime lending rate is about 
10.5 percent as compared with less 
than 5 percent in japan; highly rated, 
or triple-A, corporate bonds have an
nual yields of almost 9 percent in the 
U.S. and 5 percent in japan. Account
ing for inflation rates, however-cur
rently about 5 percent in the U.S. and 
less than 3 percent in japan-shrinks 
the differences, observe Hatsopoulos 
and Brooks, as well as Albert Ando and 
Alan j. Auerbach, economists at the 
University of Pennsylvania. 

Yet debt is risky: a company that 
neglects to pay its debt holders may 
be sued or liquidated. Morf'over, Wall 
Street analysts, who rate a company's 
creditworthiness in great part by its 
ability to pay off its debt, downgrade 
highly leveraged companies. 

Calculating the cost of equity is 
trickier. Although many companies 
have evolved elaborate equations, Hat
sopoulos asserts that most managers 
(including himself) rely on "gut intui
tion." Essentially, managers must esti
mate how much of an increase in fu
ture corporate earnings and dividends 
stockholders will demand in return 
for depressed earnings and dividends 
now. The value of the increased future 
earnings and dividends is discounted 
by combining the risk involved, the 
current returns and the returns inves
tors could earn elsewhere. So the cost 
of equity represents the rate at which 
future earnings and dividends are dis
counted. Hatsopoulos and Brooks esti
mate japanese equity costs are rough
ly one third of U.S. costs; applying a 
different approach, Ando and Auer
bach find small differences. 

U.S. managers' efforts to maximize 
the value of their stock account for 
much of the disparity, Hatsopoulos 
argues. Because stockholders have no 
guarantee they will see their money 
again, they demand the prospects of 

CORPORATIONS' COST OF CAPITAL is 
the weighted average of the expense of 
borrowing money (debt) and of issuing 
stock (equity). Dark lines show the com
bined cost for the U.S. and for Japan, 
based on studies by George N. Hatso
poulos of Thermo Electron and Stephen 
H. Brooks, an economic consultant. 

high future returns to compensate for 
their risk. Company managers also 
worry about how the financial markets 
will react to their decisions. Profes
sional financial investors who manage 
large pension funds are obligated to 
maximize value. That can lead them to 
seek short-term returns from their in
vestments. "Managers are captive to 
investors," Hatsopoulos declares. 

Unlike U.S. corporations, japanese 
companies do not have to realize re
turns of a certain percent in the short 
term, explains Katsumi Shimizu, a sen
ior vice-preSident at Daiwa Bank Trust 
Company. japanese companies have 
traditionally paid negligible dividends 
to investors, in part because often 
more than half of a company's stock 
was held by a bank or another corpo
ration, Shimizu says. "Since compa
nies don't have to worry about take
overs, they can concentrate on corpo
rate strategy," he adds. 

Adding up the costs and risks of 
debt and equity finanCing, then, U.S. 
managers have traditionally chosen to 
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rely on costly equity while their Jap
anese counterparts have turned to 
debt. From 1967 to 1983, U.S. compa
nies had an average ratio of debt to 
market value of 26 percent, Ando and 
Auerbach report. During the same pe
riod Japanese companies had a debt
to-value ratio of 63 percent. 

The bottom line, Hatsopoulos and 
Brooks say, is that the cost of capital is 
almost three times higher in the U.S. 
than in Japan. They fix much blame on 
differences in capital-gains taxes. In 
the U.S., investors pay the same pro
portion of taxes on capital gains as 
they do on income from interest; in 
Japan, investors pay very low capital
gains taxes and so do not demand fu
ture corporate earnings to be as high 
as U.S. investors do. 

Ando and Auerbach also conclude 
that capital costs have been lower in 
Japan. Although they do not point to 
specific causes, they suggest that the 
capital markets have not behaved in 
economically rational ways; Japanese 
investors may not be earning ade
quate compensation for their risk. 

From the vantage of U.S. companies, 
a lower cost of capital would be ben
eficial. But there are no quick fixes, 
economists say. Simply lowering inter
est rates would discourage foreign in
vestment in the U.S. and dry up need
ed funding for the federal debt. 

Increasing corporate debt also re
ceives mixed reviews. "There's noth
ing wrong with a lot of leverage," says 
George J. Kirk, director of strategic 
studies at Westinghouse Electric. But 
Auerbach says that if more U.S. com
panies turn to debt for financing, in
terest rates on debt will surely rise. 

Auerbach suggests that the differ
ence in the cost of capital may narrow 
as capital markets become more lib
eralized. During the past decade Ja
pan has begun easing restraints on 
investments abroad; in 1985, for in
stance, it began permitting some large 
institutions to place more of their in
vestments overseas. Other trends may 
play a role in changing the relative 
cost of capital as well. As Japanese 
companies establish more facilities 
outside Japan, they may find it in
creasingly expensive to borrow from 
home: if they earn revenues in a cur
rency that falls against the yen, it will 
become more costly for the expatriate 
firm to repay its yen debts. 

Lowering capital-gains taxes, Hat
sopoulos argues, would help. Yet, he 
warns, "you'll probably have to wait 
10 years before the financial markets 
force companies to create teams of 
farsighted managers." 
-Elizabeth Corcoran and Paul Wallich 
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Carbon Monoxide 
and the Burning Earth 

Measurements of atmospheric carbon monoxide from space have found 
large amounts of the gas in unexpected places. Tropical burning 

rivals transportation and industry as a source of carbon monoxide 

by Reginald E. Newell, Henry G. Reichle, Jr., and Wolfgang Seiler 

Twenty years ago, a map of the 
atmosphere illustrating the pre
sumed distribution and flow of 

carbon monoxide would have placed 
almost all of it in the Northern Hemi
sphere. Experts agreed that virtually 
all carbon monoxide came from burn
ing fossil fuels, and the Northern 
Hemisphere was home to most of the 
world's industry and transportation. 
The map would have shown much of 
the gas lingering near the ground 
where it was produced, in the lowest 
two kilometers of the atmosphere, or 
boundary layer. Convection might car
ry some to higher altitudes where it 
could drift into the Southern Hemi
sphere; otherwise carbon monoxide 
stayed in the north. 

That map would have been wrong. 
Industrial smokestacks and automo
bile tail pipes are not and have never 
been the only major sources of carbon 
monoxide-they may not even be the 
largest sources of this colorless, odor
less gas. An instrument that we helped 
to develop, and that flew twice on 
board the space shuttle, has provided 

REGINALD E. NEWEll, HENRY G. 
REICHLE, JR ., and WOLFGANG SEll£R 
have collaborated on the study of at
mospheric carbon monoxide during 
the Measurement of Air Pollution from 
Space project. Newell is professor of 
meteorology at the Massachusetts insti
tute of Technology. His main interests 
are in the large-scale general circulation 
of the atmosphere and the physics of 
climatic fluctuations. Reichle is a senior 
research scientist at the NASA Langley 
Research Center and has been active in 
research on the remote measurement of 
atmospheric properties since 1965. Sei
ler is the director of the Fraunhofer 
Institute for Atmospheric Environmen
tal Research in Garmisch-Partenkirchen, 
West Germany. 

global "snapshots" of carbon monox
ide distributions over a wide swath of 
the earth. Its measurements and data 
collected by airplanes and ground sta
tions during the past 10 years have 
shown clearly that the burning of trop
ical rain forests and savannas gener
ates at least as much carbon monox
ide as the burning of fossil fuels does. 

sphere. Until relatively recently, stud
ies of atmospheric carbon monoxide 
made from the ground or sea level 
generally supported that idea. For ex
ample, in 1969, samples of air collect
ed from a ship by one of us (Seiler) 
and Christian Junge of the Max Planck 
Institute for Chemistry in Mainz while 

This discovery is alarming, but not 
because carbon monoxide is poison
ous. The gas does bind strongly to the 
blood's hemoglobin and prevents oxy
gen from being carried to the tissues. 
Concentrations of carbon monoxide 
typical of traffic tunnels or busy 
streets, around 20,000 molecules per 
billion air molecules, can dull mental 
acuity. Yet the concentrations of car
bon monoxide over the tropical rain 
forests are usually hundreds of times S 
lower than that. Instead carbon mon- � 
oxide has other ominous implications � 
for the environment. First, high levels 

0 

of carbon monoxide from burning � 
vegetation confirm other evidence i=' 
that the rain forests are being dimin- � 
ished rapidly. Destruction of the tropi-
cal rain forests would probably wreak 
disastrous change on the climates of 
these regions and possibly those of 
the rest of the world. Second, major 
increases in atmospheric carbon mon
oxide could encourage the accumula
tion of pollutant gases such as ozone, 
which is highly toxic to plants, and 
methane, which adds to the green
house effect and thus may contribute 
to higher global temperatures. 605 

180 

-
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• 
160 120 

35-45 45-55 55-65 65-75 For many years high concentra
tions of carbon monoxide in the 
Southern Hemisphere and trop

ics seemed unlikely because sour- _L. __ ....I.... __ -l.. __ .....J 
ces of the gas were thought to be ex- 75-85 85-95 95-105 105-115 115-125 
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sailing the tropical Atlantic Ocean 
showed higher carbon monoxide val
ues north of the equator. During the 
same period, measurements made by 
aircraft flying between Frankfurt and 
johannesburg at an altitude of about 
10 kilometers showed almost identi
cal carbon monoxide concentrations 
in the Northern and Southern hemi
spheres. The results were ascribed to 
highly efficient mixing of Northern 
Hemisphere air into Southern Hemi
sphere air at great heights [see "The 
Global Circulation of Atmospheric Pol
lutants," by Reginald E .  Newell; SCIEN

TIFIC AMERICAN, january, 1971]. 
Still, the discovery of significant car

bon monoxide levels in the Southern 
Hemisphere prompted investigations 
of possible sources other than burn
ing fossil fuels. One focus of attention 
was atmospheric chemistry involving 
hydroxyl (OH), a highly reactive radi
cal. Hydroxyl is the product of a reac
tion between atmospheric water mole
cules and excited oxygen atoms that 
are released when sunlight decom
poses low-altitude ozone molecules. 

Its high reactivity makes hydroxyl 
the most important scavenging gas in 
the atmosphere, voraciously oxidizing 
methane and other molecules. 

james C. Mc Connell, Michael B. Mc
Elroy and Stephen C. Wofsy of Har
vard University suggested in 197 1 that 
when hydroxyl oxidizes methane in 
the atmosphere, it triggers a series of 
reactions that yield an abundance of 
carbon monoxide. Methane is distrib
uted in almost uniform concentra
tions throughout the atmosphere and 
is therefore plentiful in the Southern 
Hemisphere. According to the Harvard 
group's calculations, methane was po
tentially a greater source of carbon 
monoxide than fossil-fuel burning. 

Carbon monoxide injected into the 
atmosphere does not stay there indef
initely. After a period ranging from 
about 10 days to several months, it 
vanishes. Some of the gas is known to 
settle to the earth and be absorbed by 
the soil. By the time of the Harvard 
studies, Hiram Levy IT of the Smithson
ian Astrophysical Observatory in Cam
bridge, Mass., had already shown that 

20 0 20 40 60 80 
LONGITUDE (DEGREES) 

hydroxyl could also remove carbon 
monoxide from the air by converting it 
into carbon dioxide. 

Despite these theoretical ad
vances, the riddle of how car
bon monoxide originated and 

disappeared could not be solved com
pletely without knowledge of the dis
tribution of the gas. Areas of unusu
ally high concentration might offer 
clues about where carbon monoxide is 
cOming from, and areas of low concen
tration might reveal where it is leaving 
the atmosphere. How, though, could 
extensive and detailed maps of carbon 
monoxide distribution be compiled? 
Measurements made solely from the 
ground or aircraft are impractical be
cause of the large number required. It 
would take months or years for even a 
fleet of aircraft to gather enough read
ings for a detailed map, and such a 
map would obscure short-lived carbon 
monoxide patterns. 

While the Harvard studies and oth
er work were being carried out, other 
groups were considering possible ap-

140 160 180 

CARBON MONOXIDE-RICH AIR from burning rain forests and 

savannas rises above tropical regions, according to data col
lected by th� Measurement of Air Pollution from Satellites 
(MAPs) team. It is now clear that carbon monoxide is not ex
clusively the by-product of transportation and industry. This 
map is based on measurements made from the Challenger 

with infrared-sensitive equipment during October, 1984. The 
carbon monoxide values show ratios of the gas mixing with air 
at altitudes of from three to 18 kilometers; the plumes are 
displaced from their points of origin by winds. Each square 
measures five degrees on a side and is color-coded to show 
the average of multiple measurements taken within the region. 
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plications of earth-orbiting satellites 
to global carbon monoxide surveys. 
Orbiting instruments could compile 
enough measurements for a map in 
only a few days, revealing nearly si
multaneous conditions at various lat
itudes and longitudes. Theoretical in
vestigations by Claus Ludwig and his 
collaborators at Convair Incorporated 
showed that it would be possible to 
measure carbon monoxide from a sat
ellite by a technique called gas-filter 
radiometry. This technique had al
ready been applied by John T. Haugh
ton's group at the University of Oxford 
to study atmospheric temperature 
with the Nimbus IV satellite. 

Various implementations of the gas
filter technique were tested on board 
aircraft at the Langley Research Center 
of the National Aeronautics and Space 
Administration (NASA), and one sug
gested by Anthony Barringer of Bar
ringer Research, Inc., in Toronto was 
adopted for development as a candi
date satellite instrument. One of us 
( Reichle) then invited the others (New
ell and Seiler) to serve as members of 
a science team that would guide the 

development of an experiment to be 
carried on board the space shuttle. 
The experiment, called Measurement 
of Air Pollution from Satellites (MAPs), 

was proposed during 1976 for one of 
the shuttle's orbital test flights. 

The MAPS gas-filter radiometer is 
based on the principle that carbon 
monoxide absorbs infrared radiation 
at discrete frequencies. This distinc
tive absorption pattern can serve as a 
"fingerprint" for detecting and meas
uring concentrations of the gas in the 
atmosphere. Carbon monoxide char
acteristically absorbs infrared energy 
at wavelengths near 4.67 microme
ters (millionths of a meter), although 
the precise pattern of absorption de
pends on both the temperature and 
the pressure of the gas. 

The objective lens of the MAPS in
strument is aimed toward the planet 
and collects radiation from the earth
atmosphere system. The radiation is 
then periodically "chopped" by a ro
tating wheel, which also introduces 
flashes of infrared radiation from a 
temperature-controlled, black alumi
num plate. This plate, called a black-

body source, radiates a known spec
trum that does not show losses due 
to absorption at any wavelength. This 
smooth spectrum serves as a refer
ence for measuring the amounts of ra
diation absorbed by the atmosphere. 
The combined beam passes through a 
filter that screens out all wavelengths 
except those near 4.67 micrometers. 
Beam splitters divide this selected ra
diation and channel it to three photo
detectors. One of the detectors is set 
behind an evacuated, transparent gas 
cell; it measures alternately the abso
lute intensity of the infrared signal 
from the atmosphere and that from 
the blackbody source. The other two 
detectors sit behind cells filled with 
carbon monoxide at different pres
sures. Three measurements are stored 
by the instrument's flight recorder: 
the time-stamped electronic output of 
the vacuum-cell detector and the two 
differences between that output and 
those of the gas-filtered detectors. 

The two difference signals represent 
the degrees of Similarity between the 
changing spectrums of the atmos
phere and the constant signals from 

CARBON MONOXIDE forms naturally in the atmosphere in a 

chain of reactions beginning with the oxidation of methane 

(CH4) by the hydroxyl radical (OH). Hydroxyl is essential at 
several steps in the cycle, in both forming carbon monoxide 

(CO) and converting it to carbon dioxide (C02); carbon monox
ide competes for hydroxyl with other gases. As levels of car
bon monoxide rise because of rain-forest burning and other 

processes, carbon monoxide uses relatively more hydroxyl. 
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each of the pure carbon monoxide 
cells. When the region of the atmos
phere being measured is relatively 
free of carbon monoxide, the differ
ences are large; as the atmosphere 
becomes enriched in carbon monox
ide, the differences shrink. On the ba
sis of these measurements and the 
known pressures and temperatures 
inside the gas cells, we can infer the 
proportion of carbon monoxide in the 
air, a value termed the mixing ratio. 

Because the radiation spectrum of 
carbon monoxide changes with pres
sure, each detector responds most 
strongly to carbon monoxide at a dif
ferent altitude. The detector set be
hind carbon monoxide pressurized at 
266 millimeters of mercury is most 
sensitive to gases at altitudes from 
three to eight kilometers, whereas the 
one "reading" through carbon mon
oxide at 76 millimeters of mercury is 
in effect tuned to the gas at higher 
altitudes. The unfiltered detector re
sponds most to radiation from the 
ground. The different response curves 
for the detectors help us to estimate 
the height of the carbon monoxide 
measured during MAPS experiments. 

To arrive at carbon monoxide mix
ing ratios from the detector measure
ments, we also needed to know about 
other factors that influence the radia
tion passing through the atmosphere. 
We therefore took into account me
teorological conditions, the angle of 
the sun during our observations and 
estimates of the terrain's light-reflect
ing qualities. Information from the U.S. 
Navy Fleet Numerical Oceanography 
Center was invaluable. We developed 
atmospheric models that helped us 
to correct for the presence of water 
vapor, carbon dioxide, ozone and ni
trous oxide, all of which also absorb 
energy near 4.67 micrometers. 

Clouds in the instrument's field of 
observation can also distort measure
ments, and so we corrected for them. 
Our solution during the first shut
tle flight of MAPS was to align a cam
era with the radiometer's sensing axis 
so that the earth-atmosphere system 
could be photographed while meas
urements were made. Later, our col
leagues Warren D. Hypes of the Lang
ley Research Center and Barbara B. 
Gormsen, who was then at the Old 
Dominion University Research Foun
dation in Norfolk, Va., inspected these 
photographs painstakingly for indica
tions of cloud cover and deleted from 
the MAPS data set any carbon monox
ide measurements that had been 
made through clouds. 

The MAPS instrument needed to be 

tested for sensitivity at both high and 
low mixing ratios of carbon monoxide 
in air. For a high mixing-ratio test, we 
mounted the radiometer on an aircraft 
and flew it over Lake Michigan to mon
itor carbon monoxide produced by 
morning rush-hour traffic in Chicago. 
Plumes of carbon monoxide from both 
Chicago and Milwaukee were detected. 
The Chicago plume showed carbon 
monoxide levels, averaged over alti
tude, of 260 molecules per billion air 
molecules, a high value but not an 
unexpected one. 

It was during what was supposed to 
be the low mixing-ratio test that 
MAPS first measured high carbon 

monoxide levels in remote, undevel
oped areas. In the summer of 1979, 
MAPS was included in an internation
al project, called MONEX, studying the 
Indian monsoon. On board a NASA 

Convair 990 aircraft, the MAPS radiom
eter took readings during long flight 
tracks across the Arabian Sea at an 
altitude of roughly 12 kilometers. Its 
readings were verified by analyses of 
bottled air samples collected in flight 
by Estelle P. Condon, who was then at 
the Old Dominion University. 

To our astonishment, these flights 
detected even higher concentrations 
. of carbon monoxide in the boundary 
layers over Saudi Arabia and the Gan
ges Valley in India than were found 
over Chicago at rush hour. As meas
ured by both MAPS and the bottled air 
samples, mixing ratios in -these re
gions were over 300 carbon monoxide 
molecules per billion air molecules. 
Over the Arabian Sea, much lower con
centrations of roughly 80 molecules 
per billion air molecules were found 
near the equator, where air from the 
Southern Hemisphere was entering 
the monsoon circulation. 

As work on MAPS progressed, oth
er evidence continued to accumulate 
against the old view associating car
bon monoxide almost exclusively with 
developed areas. During the dry sea
son in August and September, 1980, 
one of us (Seiler) and investigators 
from the National Center for Atmos
pheric Research in Boulder, Colo., par
ticipated in a study of carbon mon
oxide and various other gases over 
Brazil. Aircraft measurements found 
boundary layer concentrations of up 
to 400 molecules per billion air mole
cules over untouched tropical rain for
ests. Even higher values, some going 
off the scale of the measuring device, 
were found near a Brazilian savanna 
that was being burned. 

New theories soon emerged to ex-

plain how forests could contribute 
carbon monoxide to the atmosphere. 
Inspired by the Brazilian data, Paul J. 
Crutzen of the Max Planck Institute 
[see "The Changing Atmosphere," by 
Thomas E .  Graedel and Paul]. Crut
zen; SCIENTIFIC AMERlCAN, September] 
suggested that large quantities of car
bon monoxide could be generated 
over completely untouched rain for
ests through the photochemical ox
idation of hydrocarbons other than 
methane. These hydrocarbons would 
arise from the resins and oils that are 
released primarily by trees. Similar 
conclusions have recently been drawn 
by Alain Marenco of the Center of 
Atomic Physics at Toulouse and Jean 
Claude Delauny of the Atmospheric 
Physics Laboratory at Abidjan, Ivory 
Coast, from data obtained over tropi
cal forests in Africa. 

Crutzen, working with Seiler, also 
proposed that burning biomass, such 
as vegetation being cleared from the 
land or animal dung being burned as 
fuel, is a major source of atmospher
ic carbon. Only some of this carbon 
takes the form of carbon monoxide; 
much more becomes carbon dioxide 
and particulate carbon. By Seiler and 
Crutzen's calculations, burning bio
mass annually contributes from two 
to four billion metric tons of carbon 
to the atmosphere. Work done by Hel
ene Cachier and her colleagues at the 
Centre de Faibles Radioactivites in Gif
sur-Yvette has also shown that car
bonaceous aerosols from tropical for
ests add as much fine particulate car
bon to the atmosphere as all industrial 
sources do. Many of these aerosols are 
produced during the dry season, when 
most natural and anthropogenic burn
ing occurs. �ainst this backdrop of surpris

ing new data and novel theories, 
the MAPS radiometer flew into 

space on board the shuttle's second 
engineering test flight in November, 
198 1. Because of failures in the shut
tle's power and cooling systems, only 
11 hours of usable data were collect
ed over two days, representing about 
10,000 observations of carbon mon
oxide at altitudes between three and 
12 kilometers. 

The observed areas lay in the trop
ical band between 37 degrees north 
and 37 degrees south latitude. From 
the shuttle's altitude of 260 kilome
ters, MAPS could record the radiation 
from successive areas of the earth's 
surface 20 kilometers across. These 
monitored areas were divided into 
grid squares measuring five degrees 
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of latitude by five degrees of longi
tude. We smoothed out small-scale 
variations in the data by averaging 
multiple measurements made within 
each grid square. 

When we analyzed the MAPS data in 
this way, we were startled by the pic
ture of global carbon monoxide distri
bution that emerged. Least surprising 
was the observation that the lowest 
concentrations, around 40 molecules 
per billion air molecules, came from 
over the southeast Pacific and Argenti
na, where winds blow from the west 
over large tracts of ocean. Since previ
ous studies had discounted the open 
oceans as major contributors to at
mospheric carbon monoxide, these 
findings agreed with expectations. 

We noted higher carbon monoxide 
values, around 75 molecules per bil
lion air molecules, over the eastern 
Mediterranean and adjoining land
masses. The same air had previously 
passed over Western Europe during a 
time of strong convection: the burning 
of fossil fuels was presumably respon
sible for these high readings. 

The big surprise, however, was that 
the highest carbon monoxide read
ings had been recorded over regions 
with little or no industry or auto
mobile traffic, many of which lay in 
the Southern Hemisphere or tropics. 
Northern South America, central Afri
ca and eastern China all showed read
ings greater than 100 molecules per 
billion air molecules. (The highest 
measured value was found over the 

Gulf of Guinea along equatorial Afri
ca's western coast, but this may have 
been a statistical fluke reflecting the 
small number of usable readings.) 

Where was the carbon monoxide 
over these undeveloped areas com
ing from? We looked at wind velocity 
maps and convection reports for the 
observed regions during November. 
It became clear that the carbon mon
oxide-laden air flowing 10 to 12 kilo
meters above South America and the 
equatorial Atlantic Ocean had origi
nated in the boundary layer over trop
ical rain forests. The air over China 
had blown over rain forests in north
west Burma the day before the sam
pling was taken. The terrain immedi
ately beneath the measured central 
African boundary layer was grassland 
and savanna, and there was rain forest 
within 500 kilometers. 

Clearly, something other than in
dustry had to be producing clouds 
of carbon monoxide in these unde
veloped areas. The proximity of rain 
forests seemed to be a common ele
ment; burning vegetation in the sa
vanna might also be involved. In oth
er words, the theories proposed by 
Crutzen, Seiler and others could ac
count for the data collected by MAPS 

on its first shuttle flight. We hoped 
that measurements from a second 
shuttle flight would confirm and im
prove on the initial findings. 

Before the second shuttle experi
ment, the MAPS instrument was modi
fied to provide a simple system for 

cloud detection. Now, only one gas 
cell was filled with carbon monoxide. 
This change slightly limited our abili
ty to determine the altitudes of car
bon monoxide plumes but was accept
able to us. The other cell was filled 
with nitrous oxide, which mixes with 
air at an almost constant ratio of 305 
molecules per billion air molecules 
throughout the lowest 12 kilometers 
of the atmosphere. Like carbon mon
oxide, nitrous oxide absorbs energy 
near 4.67 micrometers. With this new 
configuration, we could measure the 
mixing ratios of both carbon monox
ide and nitrous oxide. Since the mixing 
ratio of nitrous oxide is nearly con
stant, any apparent fluctuations that 
the instrument observed had to be 
caused by obscuring clouds moving 
into view. By looking for such fluctua
tions, we could immediately recognize 
and discard the accompanying carbon 
monoxide data, which would also have 
been distorted. This change in the 
setup of the instrument eliminated 
the tedious step of examining photo
graphs for clouds. 

The second shuttle flight of MAPS 

took place in October, 1984. It 
had originally been scheduled 

for the early spring of that year, but 
delays in the shuttle launch sched
ule forced a postponement. This was 
unfortunate, because we had hoped 
that measurements made during the 
spring would complement the data 
from November, 198 1, and give some 
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sion with the cell's absorption, helps to calibrate the system. 

indication of carbon monoxide varia
tions throughout the year. Seiler and 
his colleagues had previously moni
tored the air from surface stations in 
both hemispheres and found marked 
seasonal variation, with peak carbon 
monoxide levels in the local spring. 

In other respects the execution of 
the second MAPS shuttle flight im
proved on the first. Because the shut
tle's orbit on this trip passed over 
a greater range of latitudes-from 57 
degrees north to 57 degrees south
the observations covered a more ex
tensive geographic range. Over a pe
riod of nine days, 86 hours of meas
urements were collected. These were 
used to make two maps, each showing 
carbon monoxide concentration pat
terns averaged over consecutive four
and five-day periods. 

The patterns of carbon monoxide 
distribution recorded on the October, 
1984, flight resembled the one seen 
in November, 198 1. Values exceeding 
100 carbon monoxide molecules per 
billion air molecules were measured 
over South America, southern Africa, 
Europe, the U.S.S.R., China, the north
ern Pacific and the southern Indian 
Ocean. The lowest values were over 
the tropical Pacific, the north Atlantic, 
the Sahara and Argentina. 

Photographs taken from space by 
Kathryn D. Sullivan, a NASA astro
naut, confirmed an association be
tween large fires visible from orbit and 
plumes rich in carbon monoxide. For 
example, smoke from fires near the 
mouth of the Zambezi River in Africa 
was seen blowing inland, carried by an 
easterly wind. Convection carried this 
smoke to altitudes of from five to 10 

kilometers, where the MAPS radiome
ter could detect the carbon monoxide 
it contained. 

To calibrate the 1984 MAPS data, 
Seiler's research group made exten
sive measurements from an aircraft 
flying over the Atlantic Ocean during 
the shuttle flight. Because the instru
ment that made these measurements 
had direct contact with the air, it was 
sensitive to mixing ratios lower than 
one carbon monoxide molecule per 
billion air molecules. The measure
ments were taken at an altitude of 
about 10 kilometers during flights 
from Frankfurt to Sao Paulo and back. 

North-south distribution patterns 
for carbon monoxide measured al
most simultaneously by MAPS and the 
aircraft corresponded extremely well. 
The aircraft measurements were con
sistently about 40 percent higher than 
the MAPS readings; the discrepancy is 
currently under study. 

All the MAPS and aircraft measure
ments strongly suggest that at least 
during the Northern Hemisphere au
tumn and the Southern Hemisphere 
spring, when the measurements were 
made, rain forests and savannas rival 
or surpass fossil fuels as sources of 
atmospheric carbon monoxide. Both 
burning and hydrocarbon oxidation 
contribute to this output. Despite sim
ilarities in the highest values record
ed around the world, several distinct 
mechanisms of carbon monoxide gen
eration appear to be at work. 

The relative importance of the vari
ous mechanisms adding carbon mon
oxide to the atmosphere depends on 
location. Oxidation of methane and 
other hydrocarbons is a major con-

tributor in both hemispheres; releases 
of the gas from biochemical processes 
in the soil and vegetation are relatively 
minor. In general, combustion of fossil 
fuels is the major source of carbon 
monoxide in the developed Northern 
Hemisphere, whereas burning of bio
mass predominates in the Southern 
Hemisphere and the tropiCS. 

The amount of carbon monoxide 
introduced by burning vegeta
tion, much of which results from 

human activities in developing na
tions, raises troubling questions. How 
does the rate at which forests lose 
carbon through burning compare with 
the rates at which carbon is incorpo
rated into growing trees by photosyn
thesis and respiration? What are the 
environmental consequences? 

People in the developing nations 
rely heavily on wood for fuel; they also 
burn it to clear land for cattle rang
es, agriculture and new settlements. 
Moreover, the rate of burning is rising 
because of economic pressures and 
urgent fuel shortages. 

Working from statistical data, Seiler 
and Crutzen have calculated that from 
.5 to .75 percent of the tropical for
ests is lost annually to burning. As the 
productive base of forestland decreas
es and burning rates increase, the 
percentages of forest lost skyrocket. 
Some logged areas will be allowed to 
grow back, but forests cleared for agri
culture are lost forever. 

The disappearance of tropical rain 
forests, or even substantial decreases 
in their size, could dramatically alter 
the climate by changing global pat
terns of evaporation and heat circula-
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SEASONAL VARIATIONS in atmospheric carbon monoxide levels have been measured 

in both hemispheres. The Northern Hemisphere measurements were made at the 
Mauna Loa Observatory in Hawaii, the Southern Hemisphere measurements at a Cape 
Point ground station on the Cape of Good Hope in South Africa. Each monthly aver· 
age value is based on a continuous carbon monoxide record covering a period of at 
least five years. In both hemispheres the carbon monoxide mixing ratio reached 
a maximum in or near the local spring season, possibly because trees were releas· 
ing large quantities of hydrocarbons that were then oxidized into carbon monoxide. 

tion. Trees return large quantities of 
moisture to the atmosphere by releas
ing water vapor from their leaves dur
ing the day. When trees are removed, 
rain runoff increases and less water 
evaporates from the soil into the air. 
The evaporation of moisture also 
moderates surface temperatures by 
absorbing solar energy that would 
otherwise heat the soil. As a result 
of trees disappearing, temperatures 
would become more extreme. 

Nor would all the effects be local. 
Evaporation is also important because 
it effiCiently conducts solar energy 
into the atmosphere at high altitudes. 
Without evaporation, heat from the 
warm earth is conducted directly into 
the surface layers of the atmosphere. 
Water vapor, however, usually rises 
to heights of from two to eight kilo
meters before releasing its latent heat 
by condensing as rain. The injection 
of heat at these altitudes drives glob
al patterns of weather and air circu
lation. The consequences of altering 
these patterns are difficult to predict. 

It is also difficult to predict how 
the large amounts of carbon monox· 

ide produced by biomass burning may 
change the climate by altering at
mospheric chemistry. Hydroxyl reacts 
readily with carbon monoxide. As car
bon monoxide emissions climb, pro
portionally more of the hydroxyl is 
consumed by carbon monoxide, and 
less remains to break down methane 
and other molecules. This disturbance 
of the atmosphere's chemical equilib
rium may help explain increases in 
atmospheric methane that have been 
observed in recent years. Methane, like 
carbon dioxide, is a greenhouse gas. In 
the atmosphere, it helps to trap heat 
that the earth would ordinarily emit 
back into space. Much of the growing 
concern that an increasing green
house effect might change the global 
climate has centered on huge increas
es in atmospheric carbon dioxide; 
whether increases in carbon monox
ide will result in enough methane to 
seriously compound the problem re
mains to be seen. 

High levels of carbon monoxide also 
increase the formation of ozone at 
relatively low altitudes. It appears that 
this low-altitude ozone is effective at 
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screening harmful solar ultraviolet ra
diation. It might therefore be help
ful in offsetting the effects of decreas
es in the stratospheric ozone layer, 
which seems to be diminishing be
cause of reactions with chlorofluoro
carbon contaminants. Yet even fairly 
small increases in ozone concentra
tions can harm the growth of vegeta
tion. The effects of ozone exposure 
may already be visible in some hard
wood forests that appear to be suffer
ing from slower growth rates. 

It is clear, then, that measuring 
the production, circulation and elim
ination of carbon monoxide is a mat
ter of vital interest. The MAPS instru
ment has already proved to be a useful 
tool for detecting carbon monoxide 
from burning biomass, fossil fuels 
and natural sources at high altitudes. 
Repeating the MAPS experiment dur
ing seasons other than the North
ern Hemisphere autumn would help 
to increase understanding of season
al variations in carbon monoxide 
throughout both hemispheres. Addi
tional measurements could also fill in 
gaps in geographic coverage, particu
larly over the oceans. Further improve
ments in MAPS could increase its sen
sitivity to carbon monoxide in the low
est layers of the atmosphere, which 
would permit more direct and accu
rate measurements of burning and lo
cal carbon monoxide generation. 
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Waterweed Invasions 
Vast vegetative mats of the two most noxious aquatic weeds 

plague the world's waterways. Investigations of the water hyacinth 
and the kariba weed are leading to new programs for weed control 

Populations of plants and animals 
ordinarily migrate and multiply 
slowly over time as a result of 

the natural interplay among many ec
ological factors: soils, waters, glacia
tion, drought, the rise and fall of com
petitor species. Yet in some regions 
human activities have quickened the 
pace of change by dramatically alter
ing the range and abundance of many 
species. Today plants and animals are 
shipped, sometimes accidentally, all 
over the globe to zoos and botanical 
gardens and for commercial and ag
ricultural purposes. A small minority 
of the "alien," or introduced, species 
become ecological as well as econom
ic disasters; although they may have 
been innocuous in their native region, 
these species are transformed into ag
gressive pests or weeds that invade 
and dominate their new environment. 

Nowhere are these biological inva
sions more evident than in the rivers, 
lakes and reservoirs of the world. In 
the past century more than a dozen 
weed species have laid siege to the 
world's waterways. Canadian species, 
such as the pondweed Elodea cana
densis, have infested canals in Europe. 
In return native European weeds, such 
as the Eurasian water rnilfoil, Myrio
phyllum spicatum, have overgrown 
lakes in Canada. Such native tropical 
species as the alligator weed, Alter
nanthera philoxeroides, have clogged 
irrigation systems in the U. S.; to even 
the score, such native American weeds 
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as the grass Echinochloa microstachya 
have invaded rice fields in Australia. 

Two species of aquatic weeds ex
emplify the problem such pests can 
create: the water hyacinth, Eichhornia 
crassipes, and the kariba weed, Salvin
ia molesta. These two species have 
wreaked havoc on waterways through
out the world, particularly in the trop
ics and subtropics, where they cause 
severe hardship and immense eco
nomic difficulties. In a single growing 
season the weeds can reduce a thriv
ing water community to a destructive 
mass, halting transportation, killing 
fish and promoting disease. 

In an attempt to eradicate the water 
hyacinth and the kariba weed, farm
ers, biologists and government offi
cials have launched valiant weed-con
trol programs and have spent millions 
of dollars on mechanical and chem
ical remedies. Unfortunately, most 
mechanical methods cannot destroy 
plants fast enough, and herbicide con
trols have harmful side effects on 
water quality, fish stocks and other 
elements of the aquatic food chain. 
However, new programs developed 
from careful studies of these noxious 
weeds offer hope. 

The water hyacinth and the kariba 
weed share a feature common to 
most weeds: the ability to grow 

and multiply rapidly in habitats that 
are disturbed by human activity. In 
recent times the large-scale disruption 
of natural ecosystems has opened up 
many new ecological niches for these 
aquatic weeds. Irrigation schemes, hy
droelectric projects and artificial lakes 
establish ideal environments. In natu
ral waterways the plants prosper on a 
steadily replenished supply of nutri
ents that agricultural activities pro
vide by the runoff of fertilizers and 
the leaching of minerals from soil. 

Two special characteristics, high 
mobility and clonal propagation, have 
allowed the water hyacinth and the 
kariba weed to reign over this rich 
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aquatic domain. Their high mobility 
is made possible by air-filled tissue 
known as aerenchyma, which gives the 
stems and leaves of the plants consid
erable buoyancy. The weeds can there
fore float with wind or water currents 
to unoccupied waters, where they can 
grow and regenerate. 

Clonal propagation helps the weeds 
to grow rapidly over large areas. Re
cently the word "cloning" has become 
a familiar term because of popular in
terest in molecular biology and genet
ics. Cloning has similar connotations 
in botany. Cloning in the botanical 
sense is the propagation of genetically 
identical plants by asexual reproduc
tion from some sexually produced 
ancestor. A clone is therefore a plant 
produced without fertilization of male 
and female gametes; it represents an 
identical genetic copy of the parent 
plant. This kind of cloning will be 
familiar to anyone who has grown or
namental plants from cuttings. 

The water hyacinth and the kariba 
weed display a particularly fascinating 
method of clonal propagation: the 
plant breaks apart into many separate 
pieces, each having the potential to 
grow into a complete organism. As 
wind or water currents disperse the 
fragments, colonies can expand rapid
ly over vast open stretches on the 
water surface. Freed from competition 
with other plants and guaranteed al
most unlimited space, nutrients and 
sunlight, the water hyacinth and the 
kariba weed grow and multiply at an 
extraordinary pace to achieve some of 
the highest rates of biomass produc
tion recorded in the plant world. Con
sequently, a single genetic individual 

W A TIR HYACINTH, exported from its na

tive South American region for its strik

ing beauty, now grows uncontrollably 

over the world's rivers and lakes. In four 

months two plants can yield 1,200 off

spring. The water hyacinth's growth has 

devastated many aquatic communities. 
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may be essentially immortal, covering 
vast areas and experiencing many dif
ferent environments. 

The water hyacinth is usually sin
gled out as the aquatic weed that 
is most troublesome both eco

logically and economically. It invades 
waterways at rates that have become 
legendary among biologists and weed
control experts. A group studying the 
weed in Louisiana reported that dur
ing one growing season 25 plants 
can produce enough biomass to cov
er 10,000 square meters of water sur
face with approximately two million 
plants, weighing as much as a fully 
loaded jumbo jet. If the plant settles 
in waters that are enclosed or have 
slow currents, colonies can coalesce to 
form continuous mats of living and 
decaying organic material as much as 
two meters thick. 

Great green mats of water hya
cinth fill reservoirs, spoiling water re
sources; they infest rivers, impeding 
navigation; they dam drainage chan
nels, flooding lowlands; and they clog 
pipes, disturbing hydroelectric sys
tems. The mats indirectly deplete the 

water's supply of dissolved oxygen, 
thereby asphyxiating fish and phy
toplankton. As the weed drives fish 
away, it jeopardizes human nutrition 
in riverine communities where fish 
are the primary source of protein. The 
water hyacinth also provides an excel
lent microhabitat for agents of sever
al human diseases, including malaria, 
encephalitis and schistosomiasis. Al
though the water hyacinth rarely com
petes with agricultural crops, it im
pedes the flow of water through irriga
tion canals and pumps and thereby 
hinders crop production. 

The water hyacinth has spread from 
its native region-the tropical low
lands of South America-to more than 
50 countries on five continents. In 
1824 Karl Friedrich Philipp von Marti
us found the plant in Brazil and for
mally described it as Pontederia cras
sipes; later it was found to belong to 
the tropical genus Eichhornia. For the 
next six decades, however, the water 
hyacinth received little attention from 
botanists; apparently it was consid
ered nothing more than a well-be
haved plant. Its show of good behavior 
did not last for long. 

Although the spread of the water 
hyacinth is difficult to document with 
complete accuracy, it appears that 
popular fascination with the plant be
gan in 1884. In that year water hya
cinths imported from the lower Orino
co River in Venezuela were distributed 
as gifts by a Japanese delegation at a 
cotton exposition in New Orleans. Wa
ter hyacinths have beautiful clusters 
of violet and yellow flowers perched 
atop floating rosettes of bulbous 
green leaves. They proved irresistible 
to the delegates. The botanical gifts 
were taken to surrounding districts 
and cultivated in garden ponds. They 
multiplied at a prodigious rate. 

From the ponds the water hyacinth 
spread throughout the southern U. S. 
The plant's growth soon restricted 
river transportation of commodities 
such as corn, cotton and lumber, caus
ing those industries to lose millions of 
dollars. Particularly troublesome was 
the 1895 invasion of the Saint Johns 
River in Florida: gale-force winds blew 
the water hyacinths up and down the 
river for more than 160 kilometers, 
creating huge floating mats as much 
as 40 kilometers long. 

REMARKABLE SIMILARITIES between the water hyacinth, Eich
hornia crassipes (left), and its docile relative, E. azurea (right), 
have helped botanists to single out the water hyacinth's aggres-

sive traits. Although the roots of E. azurea restrict its growth 

to the edges of waterways, E. crassipes floats freely, and so 

the hyacinth can spread over vast stretches of water surface. 

92 SCIENTIFIC AMERICAN October 1989 

© 1989 SCIENTIFIC AMERICAN, INC



Word of the water hyacinth's beauty 
apparently traveled faster to South
east Asia than news of its destructive 
powers. In 1894 the caretakers of the 
Bogor Botanical Garden in Java report
ed that the water hyacinth had be
come such a nuisance that specimens 
were routinely discarded into a river 
flowing through the gardens. Many lo
cal infestations soon followed. Today 
mats of water hyacinth can be found 
all over Southeast Asia as well as in the 
warm lowlands of India, Sri Lanka, Chi
na and Japan. 

The water hyacinth has spread just 
as rapidly through the African conti
nent. Boat traffic along the Congo and 
Nile rivers and their tributaries seems 
to have promoted the invasion: plants 
that became attached to paddle-wheel 
steamers sometimes hitchhiked 1,600 
kilometers upstream. 

A one might expect, most re
search on Eichhornia crassip(}s 

has been aimed at understand
ing its growth and devising ways to 
control it. Virtually all of this work has 
been done in the nonnative range of 
the species, particularly in the south
ern U. S. , India and Southeast Asia. 

More than a decade ago I began 
an investigation of Eichhornia in its 
native range. I wanted to understand 
more about the population biology 
of the remarkable E. crassipes and to 
learn something of the behavior of 
its little-known relatives. These stud
ies have clarified several misconcep
tions about the reproductive biology 
of the water hyacinth and in addition 
have provided ecological explanations 
for many of its unusual reproductive 
characteristics. 

The genus Eichhornia belongs to the 
monocotyledonous family Pontederia
ceae, which includes the North Ameri
can pickerelweed, Pontederia cordata. 
E. crassipes is one of eight species of 
freshwater plants in Eichhornia. All 
are native to the tropics of Central and 
South America, except for the Afri
can species, E. natans. Most species 
of Eichhornia are distributed widely 
throughout their native regions and 
regenerate by clOning. Yet E. crassipes 
is the only member of Eichhornia that 
has shown any tendency to become a 
noxious, aggressive weed. 

That fact is particularly puzzling 
when one considers that the morphol
ogy of E. crassipes is quite similar to 
that of E. azurea. Both species form 
floating mats and produce large, 
showy flowers. More Significant, E. 
azurea, like E. crassipes, has been ex
ported from South America to deco
rate ponds and has occasionally es-
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CHARLES DARWIN studied the reproductive organs of morphs, or forms, of E. 
crassipes that have long and medium styles and deduced the existence of a short

style morpho He observed that the anthers of the long stamens of the medium-style 

morph corresponded to the stigma of the long style and that the anthers of the 

medium stamens of the long-style morph corresponded to the stigma of the medium 

style. However, the short stamens of the long- and medium-style morphs did not have 

sexual partners. Darwin therefore predicted that there must be a third floral morph 

that had not yet been discovered_ The author found the short-style morph in 1974. 

caped into local aquatic environments. 
Yet E. azurea has never become a 
serious weed problem. What makes E. 
azurea just another ornamental pond
weed and E. crassipes the world's 
most aggressive aquatic weed? 

The answer lies primarily in their 
differing abilities to fragment into 
pieces that develop into whole indi
viduals. E. crassipes breaks apart more 
readily because its rosettes of floating 
leaves are held together only by deli
cate horizontal stems called stolons. 
E. azurea, on the other hand, regener
ates more slowly; its colonies cannot 
grow rapidly unless the plants are 
rooted firmly to the mud bottom. The 
roots of E. azurea restrict its distribu
tion to shallow ponds and the edges of 
lakes and rivers. In contrast, because 
E. crassipes floats freely, it can grow 
and multiply on the surface of deep 
waters, away from most competitors. 

Why has E. crassipes evolved the 
ability to float freely and frag
ment rapidly? The answer lies 

in the ecological conditions and habi
tats that E. crassipes occupies in its 
native region. 

The two areas where the water hya
cinth is thought to have originated 
are the Amazon basin and the exten
sive lakes and marshes of the Pantan
al region in western Brazil. The two re
gions provide a dynamic aquatic hab
itat. Water levels of local lakes and 
rivers fluctuate dramatically because 
of seasonal changes in rainfall. The 
waters of the Amazon River, for exam
ple, rise and fall about 10 meters an
nually, even as far as 2,000 kilometers 
upstream from the Atlantic Ocean. Un
der these conditions the free-floating 
habit is highly adaptive, whereas root
ed plants often perish during periods 
of submersion in deep, muddy water. 

The Amazon basin and the Pantanal 
also contain many shallow, intercon
nected, nutrient-rich lakes and pools 
created by annual floods. These sea
sonal lakes provide ideal conditions 
for the explosive growth of water hya
cinth. If a small colony of E. crassipes 
finds itself stranded in a lake after a 
flood, it proliferates by absorbing the 
abundant resources. 

Ecological studies in the native re
gion led me to another interesting 
finding. E. crassipes produces a great 
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FLORAL MORPHS with long, medium and short styles have 

spread over five continents in a curious distribution. The 

three floral morphs grow together �mly in the water hya-

cinth's native region, the lowland tropics of South America. 

The dates on the map show when, according to historical rec

ords, the water hyacinth was introduced to a particular region. 

number of seeds that can survive dry 
spells. The seeds help to regenerate 
populations after the desiccation of 
colonies. This observation and oth
ers laid a common misconception to 
rest. Many investigators assumed that 
clones of the water hyacinth were sex
ually sterile and could not regenerate 
from seed. This assumption was large
ly based on two generalizations. First, 
plants that grow exclusively by vege
tative propagation over long periods 
(such as sweet potato, sugar cane and 
many ornamental plants) often lose 
their ability to reproduce sexually: 
genetic mutations that impair pollen 
and seed fertility tend to accumulate 
over time. (Mutations of this type 
are continuously eliminated from the 
gene pool of species that reproduce 
sexually in regular cycles.) 

The secoBd generalization that sug
gested sterility was based on miscon
ceptions about the water hyacinth's 
breeding system. Flowers of E. cras
sipes can be divided into three sexual 
types that differ in the length and 
position of their reproductive organs, 
the male stamens and the female pis
til. These types, or floral morphs, are 
distinguished by their long, medium 
or short styles-prolongations of the 
ovary. Hence, E. crassipes is described 
as tristylous. 

Tristylous plants are usually self
incompatible and intramorph-incom
patible. In other words, very few 
seeds are produced as a result of self
pollination and pollination by other 
plants of the same morpho (Crosses 

between flowers of different morphs 
yield many seeds.) The theory that 
heterostylous flowers are self-incom
patible and intramorph-incompatible 
came from Charles Darwin. He first 
investigated the floral morphology 
and breeding relationships of hetero
stylous plants. In 1877 he published 
his findings in Different Forms of Flow
ers on Plants of the Same Species. Be
cause of the self-incompatibility of 
the water hyacinth, many botanists 
believed it would produce few seeds 
in regions where one style morph 
grows, as is the case in most areas. 

Yet my own experiments indicate 
that high levels of seed fertili
ty are achieved in many single

morph colonies of E. crassipes. I found 
that individual clones are self-fertile 
and intramorph-fertile. In fact, most 
clones can produce thousands of via
ble seeds. 

The failure to recognize that many 
seeds are often produced in water 
hyacinth populations has complicat
ed weed-control efforts. One tech
nique, still employed in various parts 
of the world, involves the drainage of 
water from infested canals and res
ervoirs during certain periods of the 
year. This practice, known in the U.S. 
as drawdown, destroys the vegeta
tive parts of aquatic plants through 
desiccation. Yet drawdowns also pro
vide excellent opportunities for weeds 
to germinate and establish seedlings: 
they remove the leaves of floating mats 
that usually shade seedlings, and they 
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establish moist sediments, in essence 
mimicking the water-level fluctuations 
of the Amazonian habitat. 

Although the water hyacinth was an 
exception to Darwin's findings that 
heterostylous plants are usually self
incompatible, he proved correct about 
other features of the plant. Darwin 
received dried flowering specimens 
of E. crassipes from southern Bra
zil. He identified the flowers as exam
ples of the long- and medium-style 
morphs. He then deduced that there 
should also be a short-style morph, 
because both the long- and medium
style morphs had short stamens. Dar
win's deduction later sparked consid
erable controversy, but no definitive 
evidence was found to prove that the 
short-style morph existed. 

In the 1950's, in an effort to find the 
missing form, the geneticist ].B.S. Hal
dane enlisted the help of schoolchil
dren in India to survey populations of 
water hyacinth. This effort and many 
others failed. By the early 1970's bota
nists had reached the conclusion that 
the short-style morph was extinct and 
that E. crassipes had two floral forms, 
not three. 

I was aware of this controversy in 
1974, when I began working in the 
lower Amazon basin of Brazil. There I 
encountered my first flowering colony 
of water hyacinth growing in marshes 
associated with the river JarL The 
flowers had short styles! Darwin's de
duction was confirmed. 

Later I conducted a more extensive 
geographic survey of the morphs of 
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water hyacinth in North and South 
America with Wendy Forno of the 
Commonwealth Scientific and Indus
trial Research Organization (CSIRO) in 
Queensland, Australia. We found that 
the short-style morph has a more re
stricted distribution than the long
and medium-style morphs have [see 
illustration on opposite page]. The 
short form grows primarily in the Am
azon basin and the Pantanal, and it has 
been sighted in the Paraguay and Pa
ranei rivers. From a global perspec
tive the medium-style morph predom
inates throughout the nonnative range; 
the long-style morph occurs less fre
quently. What factors account for this 
curious geographic pattern of style 
morph distribution? 

Although the short-style floral 
morph grows as rapidly and floats as 
freely as the other morphs, it is con
fined to parts of South America prob
ably because of its relationship with 
a local pollinator. Several different 
types of bees visit the large flowers 
of the water hyacinth to feed on pol
len and nectar. Most of them contact 
the stigma (the pollen receptor) at the 
tip of the long and medium styles 
and thereby mediate pollination. The 
narrow flower of the water hyacinth 

conceals the stigma at the tip of 
the short style from most pollinators, 
however. The long-tongued bee An cy
loscelis gigas is the only known polli
nator that can easily contact the stig
ma of the short-style morph, and that 
may account for the restricted range 
of the short-style morpho The fact that 
the short-style morph is absent from 
the Old World range appears to be 
simply the result of chance. The short
style morph has not been exported to 
other regions. 

The geographic distribution of style 
morphs reflects a principle intro
duced by the evolutionary biologist 
Ernst Mayr of Harvard University: a 
new population that is started by a 
few individuals displays less genetic 
variation than does the parent pop
ulation. Hence, if a few clones are iso
lated from their ancestral gene pool 
and inaugurate a new population, they 
can give rise to genetically uniform 
populations. Just such a sequence 
of events appears to have happened 
many times during the spread of the 
water hyacinth. 

Most populations in the nonnative 
range are composed of the medium
style morpho Historical record and 
geographic distribution seem to imply 

that man', invasions may have origi
nated in Venezuela, where that morph 
predominates. The fact that the long
style morph appears periodically (al
beit infrequently) in the nonnative re
gion does not necessarily mean that it 
was introduced separately. A popula
tion of medium-style morphs can give 
rise to long-style morphs because of 
the pattern of inheritance of tristyly. 

In the water hyacinth two genes de
termine the length of the style. One 
gene controls whether or not the 
style will be short. If the short trait is 
not expressed, a second gene controls 
whether the style is medium or long. 
The second gene has two alleles, dom
inant ( M) and recessive (m). If a plant 
is homozygous for m (both of its cop
ies of the gene are recessive), its flow
ers will have a long style. If a plant has 
at least one copy of the dominant gene 
(it is m M  or Mm or M M), its flowers 
will have a medium style. 

In heterozygous plants the pollen 
and ovules, each of which carries a 
copy of the gene, can have either form, 
dominant ( M) or recessive (m). When 
the forms combine during sexual re
production, the gene complement of 
the offspring has one chance in four 
of being homozygous for a dominant 

VAST MATS of water hyacinth can cover several square kilo

meters of water surface and can grow as much as two meters 
thick. The plants deplete nutrients and block sunlight, starving 

out other plants and animals. They can also slow boat traffic. 
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medium-style gene ( M M), two chances 
of being heterozygous for the domi
nant gene (mM or M m) and one chance 
of being homozygous for the reces
sive gene (mm)-and of having a long 
style. In a population of medium-style 
morphs that are heterozygous, then, 
about one fourth of the offspring of 
sexual reproduction will have flow
ers with long styles. If a few long
style plants appear in populations 
that mainly have medium-style plants, 
one can assume that the population 
probably reproduces sexually, which 
in turn indicates that its environment 
allows seeds to germinate and seed
lings to grow. 

In California, where only medium
style plants occur, seeds were collect
ed and segregated to grow long-style 
plants in a greenhouse. The absence of 
the long-style morph in California, 
then, indicates that the water hyacinth 
probably does not reproduce sexually 
under the ecological conditions typi
cally found in the state. It is also possi
ble that populations in California orig
inate from one or a few clones that 
have propagated vegetatively since 

the beginning of the century. Many 
other regions of the introduced range 
also exhibit this genetic uniformity. 

Botanists hope to exploit genetic 
uniformity as a way to control the 
water hyacinth. For a time, it was be
lieved that the tropical sea cows called 
manatees could be introduced into 
regions to feed on the water hyacinth 
and thus control its growth. This pro
gram was successful in Guyana. In 
other areas, however, researchers dis
covered that the manatee does not 
find the water hyacinth very tasty and 
often prefers other vegetation to it. �thOUgh the results of programs 

for eradicating the water hya
cinth have been disappointing, 

success has been achieved in control
ling the world's second most trouble
some aquatic plant, the kariba weed, 
Salvinia molesta. This curious free
floating fern is so tiny and delicate 
that most people are surprised to 
learn that it is an aggressive invader. 

The kariba weed forms mats about 
one meter thick and spreads out over 
water surfaces in a way similar to the 

water hyacinth. Under favorable con
ditions the kariba weed can double its 
biomass in as little as 2.2 days-five 
times faster than the water hyacinth. 

In the past 50 years the explosive 
growth of S. molesta has had an ad
verse socioeconomic effect in parts of 
Africa, Asia and Australia. A notable 
invasion took place at Lake Kariba on 
the Zambezi River in Africa, where 
at its peak in 1962 the weed covered 
1,000 square kilometers, nearly one 
quarter of the total area of what was 
then the world's largest reservoir. The 
infestation earned the plant a com
mon name, the "kariba" weed. 

Nowhere has the plant had more of 
an impact than in the floodplains of 
the Sepik River in Papua New Guinea, 
north of Australia. After its introduc
tion in the early 1970's, a colony of 
kariba weed covered all the lakes in 
the lower half of the floodplain, a total 
of 250 square kilometers of water sur
face. The invasion threatened the lives 
of 80,000 people who depend on the 
river for food and transportation. 

The kariba weed had been identi
fied as Salvinia auriculata, a native of 

MANATEE, commonly known as the tropical sea cow, munch

es away on water hyacinth in Blue Spring State Park in Or-
ange City, Fla. The manatee has been introduced into tropical 

waterways to help control the rapid spread of water hyacinth. 
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DELICATE LEAVES of the kariba weed, Salvinia molesta (left), 
belong to a single genetic individual that blankets waterways 

around the globe. The weed is perhaps the most massive entity 

in the botanical world. A floating mat of it is shown at the right. 

South America, until the 1970's. In 
1972 David S. Mitchell of CSIRO in New 
South Wales located a herbarium spec
imen of S. auriculata. The specimen 
had been discovered in 1941 along 
with two other related species. AU 
three specimens originated from the 
botanical garden in Rio de Janeiro. 
Botanists began to suspect that the 
kariba weed was a horticultural hy
brid, an offspring of the two related 
species from the garden. The fact that 
the kariba weed was sterile seemed to 
confirm the plant's hybrid origin. 

Later Mitchell described the kariba 
weed as a new species and named it 
Salvinia molesta, the epithet signify
ing its aggressive nature. In 1978 the 
CSIRO team of Forno and K. L .  S. Harley 
at last discovered the native range of 
S. molesta in southeastern Brazil and 
cast doubt on the original theory that 
the plant was an artificial hybrid. 

Although it now seems unlikely that 
S. molesta originated in a botanical 
garden, its characteristic hybrid vigor 
is undoubtedly one of the secrets of 
the plant's extraordinary behavior. Hy
brid plants often grow rapidly and are 
usually sterile. This is the case for S. 
molesta. In contrast to the water hya
cinth, which can reproduce sexually, S. 
molesta propagates entirely by clon
al means. 

The fact that S. molesta is asexual 
means that the world's entire popula
tion of the plant may be a single genet
ic individual. Because many millions 
of tons of the weed are distributed 
around the world, from a genetic view
point S. molesta may lay claim to be
ing the largest individual organism on 
the earth. 

The aggressive behavior of the kari
ba weed has largely been displayed 
outside its native South American 
range. This is true in the case of most 
biological invasions. Plants and ani-

mals usually populate their native en
vironments at densities commensu
rate with their ecological role in a 
balanced community, but when spe
cies are introduced to another part of 
the world, they leave behind the co
evolved competitors and enemies that 
normally keep their populations in 
check. The absence of natural enemies 
in the nonnative range allows alien 
populations to increase rapidly and 
leads to "ecological release." 

K nowledge of the causes be
hind the different behaviors 
of species in their native and 

introduced ranges has led to novel 
methods of managing pest and weed 
outbreaks. These methods, known as 
biological control, reduce population 
numbers to acceptable levels through 
the planned release of host-specific 
natural enemies. 

Biological control of the kariba weed 
was initiated shortly after botanists 
located its native range. While explor
ing the plant's Brazilian homeland, 
Forno, P. M. Room and P. A. Thomas of 
CSIRO in Queensland discovered a new 
beetle species that feeds exclusively 
on S. molesta. ( The beetle was later 
named Cyrtobagous salviniae.) Their 
work is the most successful exam
ple so far of biological control of an 
aquatic weed. 

The beetle was brought to Austra
lia and released at Lake Moondarra, 
where it rapidly destroyed an infes
tation of kariba weed covering two 
square kilometers. The beetle's most 
spectacular success was achieved in 
Papua New Guinea, where between 
1983 and 1985 the weed cover was re
duced from about 250 square kilome
ters to two square kilometers. It was 
estimated that the beetles consumed 
two million metric tons of the weed in 
just two years. Other beetle programs 

are now under way in India and Nam
ibia and are rapidly achieving control. 

Although biological control is not a 
universal solution to all pest and weed 
problems, . the technique may be ap
plied to many other waterweed inva
sions. A survey conducted by Jeremy 
J. Burdon and Don Marshall of CSIRO 
in Canberra examined 81 attempts to 
control 45 weed species. They found 
a correlation between the level of 
control and the reproductive system. 
Asexual species were controlled much 
more effectively than those that rely 
on sexual reproduction. 

Presumably biological control suc
ceeds if genetic variation is limited. If 
this assumption is true, the water hya
cinth and many other aquatic weeds 
that regenerate primarily by clonal 
means should be excellent targets for 
biological control. Clonal propagation, 
which allows water hyacinth and kari
ba weed to dominate the world's wa
terways, may yet provide a way to sink 
these noxious invaders. 
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Scanned-Probe Microscopes 
By examining a surface at very close range with a probe 

that may be just a single atom across, they can resolve features 
and properties on a scale that eludes other microscopes 

O bjects smaller than the wave
lengths of visible light are a 
staple of contemporary sci

ence and technology. Biologists study 
single molecules of protein or DNA; 
materials scientists examine atomic
scale flaws in crystals; microelectron
ics engineers lay out circuit patterns 
only a few tens of atoms thick. Un
til recently this minute world could 
be seen only by cumbersome, often 
destructive methods such as electron 
microscopy and X-ray diffraction. It lay 
beyond the reach of any instrument as 
simple and direct as the familiar light 
microscope. 

A family of new microscopes opens 
this realm to direct observation. The 
devices can map atomic and molecu
lar shapes, electrical, magnetic and 
mechanical properties and even tem
perature variations at a higher reso
lution than ever before, without the 
need to modify the specimen or ex
pose it to damaging, high-energy radi
ation. The achievement seems implau
sible. More than 100 years ago, after 
all, the German physicist and lens
maker Ernst Abbe described a funda
mental limitation of any microscope 
that relies on lenses to focus light or 
other radiation: diffraction obscures 
details smaller than about one half the 
wavelength of the radiation. 

H. KUMAR WICKRAMASINGHE is Man
ager of Physical Measurements at the 
IBM Thomas J. Watson Research Cen
ter in Yorktown Heights, N.Y., where 
he specializes in scanned-probe micro
scopes and their applications in micro
electronics manufacturing. After earning 
his Ph. D. in electrical engineering from 
University College, London, in 1974, he 
moved to Stanford University, where he 
did some of the fundamental work in 
acoustic and photoacoustic microscopy. 
He joined the faculty at University Col
lege in 1978 and went to IBM in 1984. In 
his spare time Wickramasinghe enjoys 
hiking with his family. 

by H. Kumar Wickramasinghe 

The new microscopes-typified by 
the scanning tunneling microscope, 
for which Gerd Binnig and Heinrich 
Rohrer of the IBM Zurich Research Lab
oratory received a Nobel prize in 
1986-overcome this Abbe barrier 
with ease. The principle by which they 
do so was first described in 1956. 
In that year]. A. O'Keefe, then of the 
U. S. Army Mapping Service, proposed 
a microscope in which light would 
shine through a tiny hole in an opaque 
screen, illuminating an object directly 
in front of the screen. Light transmit
ted through the specimen or reflected 
back through the hole would be re
corded as the sample was scanned 
back and forth. O'Keefe pointed out 
that the resolution of such a "scan
ning near-field microscope" would be 
limited only by the size of the hole and 
not by the wavelength of the light. In 
principle the device could make su
perresolving images-images showing 
details smaller than half a wavelength. 

O'Keefe acknowledged that tech
nology capable of positioning and 
moving an object with the needed pre
cision did not exist. By resorting to 
long-wavelength radiation, however, 
Eric Ash of University College, London, 
adopted the O'Keefe strategy in 1972 
to circumvent the Abbe barrier. He 
passed microwave radiation at a wave
length of three centimeters through a 
pinhole-size aperture and scanned an 
object in front of it to record an image 
with a resolution of 150 microns-one 
two-hundredth of a wavelength. 

By that time, means of controlling 
sample position and movement with 
the precision needed to surpass the 
resolution of a conventional light mi
croscope were becoming available. In 
the same year as Ash's demonstration, 
Russell D. Young of the National Bu
reau of Standards succeeded in ma
nipulating objects in three dimen
sions with a precision of about a nano
meter (a billionth of a meter). He relied 
on piezoelectrics-ceramic materials 
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that change size ever so slightly when 
an electrical potential across the mate
rial is changed. Piezoelectric controls 
opened the way to the development, 
in 1981, of the supreme example of 
a scanning near-field microscope, the 
scanning tunneling microscope, or 
STM [see "The Scanning Tunneling Mi
croscope," by Gerd Binnig and Hein
rich Rohrer; SCIENTIFIC AMERICAN, Au
gust, 1985). 

In the STM the "aperture" is a tiny 
tungsten probe, its tip ground so 
fine that it may consist of only a 

single atom and measure just .2 nano
meter in width. Piezoelectric controls 
maneuver the tip to within a nanome
ter or two of the surface of a conduct
ing specimen-so close that the elec
tron clouds of the atom at the probe 
tip and of the nearest atom of the 
specimen overlap. When a small volt
age is applied to the tip, electrons 
"tunnel" across the gap, generating 
a minuscule tunneling current. The 
strength of the current is exquisitely 
sensitive to the width of the gap; typi
cally it decreases by a factor of 10 each 
time the gap is widened by .1 nanome
ter-half the diameter of an atom. 

X and y piezoelectric controls 
(which govern motion in the two di
mensions of a plane) move the probe 
back and forth across the specimen 
surface in a raster pattern, its parallel 
tracks separated by perhaps a fraction 
of a nanometer. If the probe main
tained a steady height, the tunneling 
current would fluctuate dramatical
ly, increasing as the tip passed over 
bumps such as surface atoms and 
falling to nothing as it crossed gaps 
between atoms. Instead the probe 
moves up and down in concert with 
the topography. A feedback mecha
nism senses the variations in tunnel
ing current and varies the voltage ap
plied to a third, Z, control. The Z pi
ezoelectric moves the probe vertically 
to stabilize the current and maintain 
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a constant gap between the micro
scope's tip and the surface. 

The variations in the voltage applied 
to the zpiezoelectric are electronically 
translated into an image of surface 
relief. If the sharpness of the probe, 
the precision of the controls and the 
fineness of the raster scan are all suffi
cient, STM images can reveal individu
al atoms, as small as .2 nanometer in 
diameter. The images are superresolv
ing: the quantum-mechanical wave
length of the tunneling electrons in 
the probe-the "radiation" that gives 
rise to the image-is approximately 
one nanometer. 

What such images map is not topog
raphy in the usual sense but a surface 
of constant tunneling probability. The 
tunneling probability is affected by 
topography, but it is also affected by 
variations in the abundance and ener
gies of surface electrons. When the 
specimen is composed of just a single 
element, tunneling probability closely 
follows topography, but "topography" 
can also reveal atom-by-atom varia
tions in composition. A contaminant 
atom on an otherwise uniform sur-

,. 
iii 

face, for example, may appear as an 
anomalous pit or bump, depending on 
its electronic properties. 

T he STM'S success gave work
ers confidence that a probe can 
be scanned over a sample with 

atomic precision by piezoelectric con
trols. Since then, the microscope has 
imaged surface structure on a host 
of substances and has even been 
harnessed as a nanometer-scale tool: 
the tip can apply a precisely targeted 
voltage that can dissect molecules 
or probe their electronic properties. 
What is more, the STM gave birth di
rectly to a whole family of scanned
probe microscopes based on simi
lar technology. The first spinoff ad
dressed one of the progenitor's major 
limitations: the STM is largely restrict
ed to imaging electrical conductors. 
Even conducting or semiconducting 
materials, such as silicon, are often 
covered with an insulating layer of 
oxide. Biological materials, too, are 
in general nonconducting, although 
biological samples placed on a con
ducting surface and immersed in an 

electrolyte have been profiled with 
the STM. 

In 1985 Binnig, together with Calvin 
F. Quate of Stanford University and 
Christoph Gerber of IBM Zurich, intro
duced the atomic force microscope 
(AFM ), a scanned-probe device that 
does not need a conducting specimen. 
Like the STM, the device moves a mi
nute tip-in this case, an atomically 
sharp shard of diamond mounted on a 
strip of metal foil-over the specimen 
in a raster pattern. In place of tunnel
ing current, the AFM records contours 
of force-the repulsion generated by 
the overlap of the electron cloud at the 
tip with the electron clouds of surface 
atoms. In effect the tip, like the stylus 
of a phonograph, "reads" the surface. 
The foil acts as a spring, keeping the 
tip pressed against the surface as it is 
jostled up and down by the atomic 
topography. 

In the original AFM deSign, a tunnel
ing current flowing between the foil 
and an STM tip mounted just above it 
measured the foil's deflection. A feed
back mechanism responded to varia
tions in the tunneling current by ad-

SIUCON PROBE of a laser force microscope, tapered to a point 
just atoms across, hovers over a surface. The microscope, de
veloped in the author'S laboratory, images surface relief by 
scanning a tiny vibrating probe a few nanometers (billionths of 

a meter) above the sample, where it "feels" weak attractive 
forces from the surface. The scanning electron micrograph, at 
a magnification of about 1,300, is by Olaf Wolter of the IBM 
German Manufacturing Technology Center in Sindelfingen. 
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justing the voltage on a z piezoelectric 
control, which moved the sample up 
or down. The deflection, and hence the 
repulsive force, was thereby held con
stant; the variations in the voltage on 
the z piezoelectric mimicked the sam
ple's topography and served as the 
basis for the image. In this way the 
microscope could reveal individual at
oms. Like the STM, the AFM was super
resolving, its resolution limited only 
by the fineness of the diamond tip and 
not by any wavelength. 

Even though the first AFM could in 
principle image any nonconducting or 
conducting substance, the pressure of 
the diamond stylus (about a millionth 
of a gram) was enough to distort or 

move many biological molecules. Re
cently Paul K. Hansma of the Universi
ty of California at Santa Barbara and 
his colleagues have reduced the pres
sure by a factor of 10. One factor that 
increases the pressure of the tip is the 
thin film of water and contaminants 
that inevitably collects on both the tip 
and the sample. As the tip nears the 
surface and the contaminant films 
come into contact, adhesive forces 
draw the tip and sample together, 
thereby increasing the tracking pres
sure. Hansma's group has eliminated 
this effect by submerging the tip and 
sample in a drop of water. 

The workers have also replaced the 
STM mechanism with a new means of 

-
-

-

1 

SCANNING TIJNNELING MICROSCOPE (STM) senses atomic-scale topography by 
means of electrons that "tunnel" across the gap between probe and surface. Pi
ezoelectric ceramics, which change size slightly in response to changes in applied 
voltage, maneuver the tungsten probe in three dimensions. A voltage is applied to 
the tip, and it is moved toward the surface (which must be conducting or semicon
ducting) until a tunneling current starts to flow. The tip is then scanned back and 
forth in a raster pattern. The tunneling current tends to vary with the topogra
phy; a feedback mechanism responds by moving the tip up and down, following 
the surface relief. The tip's movements are translated into an image of the surface. 
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detecting tip deflection, developed at 
the IBM Thomas j. Watson Research 
Center in Yorktown Heights, N.Y.-a 
laser beam that is reflected off the foil. 
Movement of the foil shifts the path of 
the reflected beam, so that a photocell 
placed in the beam path some dis
tance away can detect tiny movements 
of the foil. The Signal from the pho
tocell activates the z piezoelectric to 
maintain a steady tip displacement. 
The optical sensor provides a more 
reliable measure of tip deflection than 
the tunneling sensor does, and so it 
renders the AFM'S touch more consis
tent and gentle. As a result of these 
improvements, Hansma and his col
leagues have been able to image bio
logical substances in nearly atomic 
detail. They have even taken snap
shots of a molecular process as it 
unfolds-the polymerization of the 
protein fibrin, a major component of 
blood clots. �the time the AFM was being de

veloped, my group in the man
ufacturing research depart

ment of IBM in Yorktown Heights was 
searching for new ways to monitor 
production quality in microelectron
ics manufacturing. In an effort to 
build faster and more powerful com
puter hardware, engineers are steadily 
shrinking circuit elements and data
storage devices. Inspecting circuits for 
flaws demands a resolution at least 
10 times finer than the smallest ele
ment, and the dimensions of circuit 
elements themselves are already ap
proaching the theoretical resolution 
limit of conventional optical micro
scopes, about 250 nanometers. 

For some time the scanning electron 
microscope ( SEM ) has been a standard 
tool in microelectronics: it can resolve 
details as small as a few nanometers. 
Yet the SEM requires that the specimen 
be coated with metal and imaged in a 
vacuum, and it has poor three-dimen
sional resolution. Moreover, its high
energy electrons can damage or de
stroy a semiconductor device, which 
limits the SEM'S value for monitoring 
production quality. Scanned-probe mi
croscopes-simple, direct and power
ful-seemed to answer our needs. 

Yet the STM usually requires a con
ducting specimen, and microelectron
ic devices include semiconductors 
and insulators as well as conductors. 
The AFM can image a wider range of 
materials, but even the improved, gen
tler AFM makes contact with enough 
force to contaminate or damage deli
cate circuit elements. My colleagues 
and I have therefore developed a new 
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ATOMS are aligned like beads in an STM image of a sam
ple of the semiconductor gallium arsenide. The image is a 
composite: because atoms of gallium (blue) and of arsenic 
(red) have different electrical properties, they were imaged 
separately, under different conditions. For the gallium at-

oms, the tunneling current flowed to the sample from a 
negatively charged tip; for the arsenic atoms, the STM'S tip 
was positively charged and the current flow was reversed. 
The image was provided by Randall M. Feenstra of the IBM 
Thomas J. Watson Research Center in Yorktown Heights, N.Y. 

family of scanned-probe microscopes 
that can profile electronic devices 
regardless of composition, without 
touching the surface. 

Chief among them is the laser force 
microscope (LFM), invented in collabo
ration with Yves Martin and Clayton C. 
Williams. The "force" of the LFM is the 
small attractive force that develops 
between a surface and a probe from 
two to 20 nanometers away-a much 
larger gap than in the STM and AFM. 

On semiconductors and insulators the 
force results largely from the surface 
tension of water that condenses be
tween the tip and the sample, but van 
der Waals interactions (weak, tran
sient electrostatic attractions between 
atoms or molecules) also contribute. 

The attractive force is minute-
1,000 times smaller than the inter
atomic repulsions recorded by the 
AFM. The LFM detects the force by its 
effect on the dynamics of a vibrating 
probe-a tapered tungsten wire half a 
millimeter long with a down turned tip 
that is etched to a diameter of 50 
nanometers or less. (Recently silicon 

probes ending in an atomically fine tip 
have been introduced.) A piezoelectric 
transducer at the base of the wire 
converts alternating current into vi
bration. The driving frequency of the 
transducer lies just above the wire's 
lowest mechanical resonance (typical
ly about 50 kilohertz). 

Because the wire is vibrating at close 
to its resonance frequency, like the 
reed in a musical instrument, it ampli
fies the driving signal. The tip may 
oscillate by half a nanometer even 
though the transducer at the other 
end is moving only a hundredth as far. 
When the vibrating tip approaches the 
sample, however, the weak attractive 
forces it feels in effect "soften" the 
wire: they lower its resonance fre
quency. The driving frequency now 
lies farther from the resonance fre
quency, and so the vibration ampli
tude diminishes. 

A laser sensor detects the amplitude 
change. It does so by interferometry, a 
technique for precise distance meas
urement much applied in astronomy 
and geophysics, for example. A laser 

beam is split into a reference beam, 
reflected by a stationary mirror or 
prism, and a probe beam, reflected by 
the back of the tip. The reflected 
beams are recombined, and they inter
fere with each other to yield a beam 
whose phase is sensitively dependent 
on the path length of the probe beam. 
The phase shifts back and forth with 
each excursion of the tip; the extent of 
the shift reveals the amplitude of the 
vibration. In this way the interferome
ter can detect amplitude changes as 
small as 10-5 nanometer. 

The amplitude tends to fall over 
topographic highs, where the attract
ive forces are strongest, and to in
crease over depressions. As in the oth
er scanned-probe microscopes, a feed
back mechanism responds to changes 
in the tip's behavior by varying the 
voltage across a z piezoelectric to sta
bilize the vibration amplitude and 
hence the probe-to-surface gap. The 
fluctuations in piezoelectric voltage 
are converted into a surface profile. 

In this way the LFM can detect sur
face relief of as little as five nano-
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REFERENCE SIGNAL 

ATOMIC FORCE MICROSCOPE (AFM) scans a sample with a shard of diamond mounted 
on a thin metal arm. The electron cloud of the diamond tip (which may end in a single 
atom) presses against the clouds of individual atoms in the sample, generating a 
repulsive force that varies with the surface relief. The force deflects the tip, whose 
movements are monitored by a laser beam reflected from the top of the arm to a 
photodiode sensor. A feedback mechanism responds to the changes in the beam's 
path by activating a piezoelectric control, which adjusts the sample's height so that 
the deflection of the arm remains constant. The sample's movements are translated 
into a surface profile. Unlike the STM, the AFM can readily image electrical insulators. 

POLYMER CHAINS of the amino acid alanine corrugate the surface of a microscope 
slide, where a solution of the polymer was allowed to dry. In this AFM image, by Paul 
K. Hansma of the University of California at Santa Barbara and his colleagues, each 
bump is an individual amino acid. The image shows an area three nanometers wide. 
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meters (some 25 atomic thickness· 
es), and because it senses topography 
from a distance, it can inspect features 
inside deep, narrow clefts. It promises 
to be valuable not only for examining 
finished microcircuits but also for 
monitoring the quality of the silicon 
surfaces on which they are built. As 
circuit features shrink to a few hun· 
dred nanometers in width and tens of 
nanometers in thickness, a substrate 
that departs from perfect smoothness 
by more than a few atomic thicknesses 
can be unacceptable. By the same to· 
ken, the increasing density with which 
information is stored on magnetic 
disks means that the data must be 
written and read on a finer scale; 
by smaller heads flying closer to the 
disks. To avoid colliding, both the 
disks and the heads must be smooth 
on a scale of atoms. �ariant of the LFM, the magnet· 

ic-force microscope (MFM), en
ables us to look at the actual 

performance of such heads-the defi· 
nition, uniformity and strength of the 
magnetic field they produce. In place 
of the tungsten or silicon needle, the 
MFM has a magnetized nickel or iron 
probe. When the vibrating probe is 
brought near a magnetic sample, the 
tip feels a force that changes its res· 
onance frequency and hence its vi· 
bration amplitude. The MFM can trace 
the magnetic· field pattern emanating 
from data·recording heads at a resolu
tion of better than 25 nanometers. The 
device can also study the structure of 
the magnetic bits that store data on 
disks and other media, giving insight 
into both head performance and the 
quality of the storage medium. 

Yves Martin, David W. Abraham and I 
have developed another specialized 
offspring of the LFM, the electrostatic· 
force microscope, which promises to 
fill yet another role in microelectron· 
ics design and manufacturing. Here 
the vibrating probe bears an electric 
charge, and its vibration amplitude is 
affected by the electrostatic forces reo 
suIting from charges in the sample. 
With this microscope we can map the 
electrical properties of microcircuits 
on a very fine scale. For example, small 
numbers of impurity atoms, called 
dopants, are added to silicon to modi· 
fy its properties; either the dopants 
donate electrons, which are then free 
to wander through the silicon, or they 
capture electrons, leaving positively 
charged "holes" that also can migrate 
through the crystal lattice. 

The distribution and concentration 
of dopant atoms plays a critical role 
in chip performance. One way to map 
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these dopants is to apply a voltage 
across the gap between the probe of 
an electrostatic-force microscope and 
the surface. The voltage mobilizes the 
conduction electrons or holes beneath 
the probe, leaving a charged region 
that exerts an electrostatic force on 
the tip. The consequent movements 
of the tip provide a precise, fine-scale 
measure of the charge and hence of 
the number of mobilized electrons 
or holes and the concentration of dop
ant atoms. 

The magnetic- and electrostatic
force microscopes are just two 
of the scanned-probe systems 

that have been developed to map 
surface properties other than topog
raphy. Another is the scanning ther
mal microscope, which I developed in 
collaboration with Williams. The mi
croscope's probe may be the world's 
tiniest thermometer: it can measure 
surface-temperature variations of a 
ten-thousandth of a degree on a scale 
of tens of nanometers. The probe con
sists of a tungsten wire ending in a 
point perhaps 30 nanometers across. 
The wire is coated with a second met
al, nickel, which is separated from the 
tungsten by a layer of insulator every
where except at the tip of the probe. 
The tungsten-nickel junction acts as 
a thermocouple, generating a voltage 
proportional to its temperature. 

We developed the scanning thermal 
microscope early in our search for a 
way to profile microelectronic devices, 
before the introduction of either the 
AFM or the LFM. In our initial experi
ments, in 1985, we found that it can 
indeed serve as a rapid surface profil
er. First a direct current is passed 
through the tip to heat the probe; 
when the energy lost to the air as heat 
equals the energy supplied as current, 
the temperature of the tip stabilizes, 
typically at a few degrees above its 
surroundings. 

When the heated tip approaches a 
sample, which-being a solid-is a 
much better heat conductor than air, 
its rate of heat loss increases. It cools, 
and the resulting drop in the volt
age across the thermocouple junction 
provides a measure of the tip's prox
imity to the sample. (To reduce the 
system's sensitivity to temperature 
fluctuations, what we actually do is to 
vibrate the tip by less than a nanome
ter, at a rate of about a kilohertz. The 
voltage falls every time the tip ap
proaches the sample and increases as 
it swings away; the amplitude of the 
voltage fluctuation increases as the 
average gap between the vibrating tip 
and the sample is reduced.) Thus, heat 
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lASER FORCE MICROSCOPE senses topography by moving a tungsten or silicon probe 
across a sample (typically a microelectronic component) at a height of a few na
nometers. The tip is set vibrating at close to its resonance frequency. Attr'!ctive 
forces-so-called van der Waals attractions and the surface tension of water that 
condenses between tip and sample-pUll on the tip, changing its resonance frequen
cy and so reducing its vibration amplitude. The variation in the forces, and hence in 
tip travel, reveals surface relief. A laser probe tracks the tip by means of a beam that 
is split into two. One of the beams is reflected through a stationary prism; the oth
er passes through a Bragg cell-a device that shifts the beam's frequency-and is 
reflected from the back of the probe. The beams are recombined, and their interfer
ence produces a signal (at the Bragg-cell frequency) that measures the tip vibration. 
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NANOMETER-SCALE RIDGES roughen one side of a micron-wide groove etched in a 
silicon surface_ Pierre Levy, then of IBM in Yorktown Heights, made the image with 
the laser force microscope, which can profile both coarse and fine-scale topography_ 

loss reveals surface topography as the 
probe is scanned across the sample, 
in the same way as tunneling cur
rent, interatomic repulsion or van der 
Waals attractions do in other scanned
probe microscopes. 

The thermocouple tip cannot be 
made much finer than about 30 nano
meters, which limits the resolution of 
surface profiles made with the scan-

ning thermal microscope. The advent 
of the LFM, with its much higher res
olution, freed the thermal probe for 
more specialized uses. It can map tem
perature variations in living cells, 
yielding clues to patterns of metab
olism; it can measure the flow rate of 
a minute stream of liquid or gas by 
monitoring heat loss when the tip is 
warmed and placed in the stream. It 

also brings an analytical technique 
called photothermal absorption spec
troscopy to an unprecedented level 
of resolution. 

Photothermal absorption spectros
copy takes advantage of the fact that 
specific elements absorb light most 
effiCiently at distinctive wavelengths. 
In this method a tunable laser is 
trained on a sample. The temperature 
of the sample is monitored as the 
laser wavelength is varied; a sharp 
increase in temperature at a speCific 
wavelength indicates efficient absorp
tion. A complete "fingerprint" of ab
sorption wavelengths can reveal the 
composition of the sample. The ther
mal probe opens the way to doing such 
spectroscopy on a tiny scale, which will 
make it possible to map small-scale 
variations in surface composition. 

My group has recently extended the 
resolution of the technique even fur
ther-to the level of individual atoms. 
We dispensed with the thermocouple 
probe and returned to the bare, atomi
cally sharp tungsten tip of the STM. 

The tip acts as one of the two metals 
in a thermocouple junction; either the 
sample itself (if it is a metal) or a metal 
electrode on which it rests acts as the 
other. At first the instrument is oper
ated as a tunneling microscope. A volt
age difference is established between 
the tip and the metal, and the tip is 
moved toward the surface until a tun
neling current begins to flow. 

Then the current is switched off, 
and the surface is heated by the tun
able laser. The tiny thermocouple 
formed by the heated surface and the 
probe (which is warmed by its proxim
ity to the surface) generates a voltage 
proportional to its temperature. The 
temperature, in turn, indicates how 
much energy was absorbed by the 
atom over which the probe is poised. 
The absorption can be monitored 

MAGNETIC BITS a micron or two across appear as craters in 
images made with a magnetic-force microscope-a laser force 
microscope equipped with a magnetized iron or nickel probe, 
which makes the microscope sensitive to gradients of mag
netic force. The bits, which store information on magneto-op
tical disks, were formed by exposing a disk to a magnetic field 

while a tightly focused laser heated the surface, thereby al
lowing the magnetic domains in the heated region to realign 
themselves. The images, made by Yves Martin of IBM in York
town Heights, compare the magnetic structure of a normal 
bit (left) with bits that were written under reduced laser 
power (middle) and an unusually weak magnetic field (right). 
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atom by atom at each laser wavelength 
to tease apart a sample's composition 
at the finest level. 

T hose recent developments in 
my laboratory alone give some 
idea of the extraordinary ver

satility of scanned-probe technology. 
Still other variants have been devel
oped elsewhere. Gary M. McClelland 
and his colleagues at the IBM Almaden 
Research Center in San Jose, Calif., 
have modified the AFM to measure 
friction on an atomic scale. The stylus 
of an AFM is swept sideways across a 
surface while a laser interferometer 
measures the deflection of the foil 
arm. By this means the workers have, 
for example, gauged the resistance 
offered by the atomic corrugations 
of a graphite surface. They hope to 
determine how such atomic-scale 
friction affects the bulk properties of 
materials. 

Hansma's group, meanwhile, has d�
veloped the scanning ion-conductance 
microscope (SICM), which scans a 
sample not with a metal or diamond 
tip but with a glass micropipette con
taining a tiny electrode. The workers 
immerse the sample and the pipette in 
a bath of electrolyte (such as a salt 
solution) and establish a voltage dif
ference between the electrode within 
the pipette and another electrode in 
the bath. A current of ions tends to 
flow between the electrodes by way of 
the pipette opening, but when the pi
pette approaches the surface of the 
sample, the current weakens. It disap
pears altogether when the scanned 
pipette touches the sample, which 
blocks the opening. 

Equipped with a feedback mecha
nism that maintains a constant ion 
current through the pipette opening, 
the SICM can profile a sample's topog
raphy. The fineness of the pipette 
does limit the SICM'S resolution to 
about .2 micron (10 nanometers may 
eventually be feasible). The device is 
therefore best suited to more spe
cialized functions-studying a living 
cell's electrical behavior, for example. 
When a cell is stimulated, so-called ion 
channels in its membrane open and 
close, allOwing tiny currents of ions to 
pass. Hansma hopes to detect individ
ual ion channels and study their be
havior once the SICM'S resolution has 
been improved. 

Another scanned-micropipette de
vice represents what one might call a 
return to the roots of scanning near
field microscopy. Three decades ago 
O'Keefe conceived of the strategy as a 
way of overcoming the Abbe barrier 
and enhancing the resolution of opti-

PIEZOELECTRIC 
CONTROL 

THERMAL PROBE can map temperature variations as small as a ten-thousandth of a 
degree on a scale of tens of nanometers. The probe has a tungsten core, jacketed in 
nickel but insulated from it everywhere except at the 30-nanometer-wide tip. There 
the two metals join to form a thermocouple, which generates a voltage proportion
al to its temperature. The device can profile surface relief by sensing variations 
in the heat loss from a probe that is warmed and then scanned across the sample. 

cal microscopes, but at that time the 
technology for scanning a sample with 
the precision of a fraction of a wave
length did not exist. The nanometer
precise controls pioneered by the STM 

have opened the way to the superre
solving optical microscope envisioned 
by O'Keefe. 

Two groups, one led by Dieter Pohl 
of IBM Zurich and the other by Michael 
S. Isaacson of Cornell University, have 
demonstrated scanning near-field op
tical microscopes. One side of a very 
thin sample is illuminated, and a mi
cropipette, its walls coated with an 
opaque aluminum film, is scanned 
across the other side. A photo diode at 
the top of the pipette measures the 
light collected by the tip. In this way, 
transmitted-light micrographs have 
been recorded that have a resolution 
(limited by the pipette diameter) of 
about 50 nanometers, or about a tenth 
of a wavelength. Still finer pipettes 
may eventually yield a resolution of 
10 nanometers-a 25-fold improve
ment over the best conventional opti
cal microscopes. 

Far from superseding optical mi
croscopy, then, scanned-probe tech
nology promises to extend its capa
bilities. Microscopists are now in a 

position to transfer the refinements 
of the past 100 years-techniques for 
enhancing contrast and highlight
ing specific features, such as polari
zation contrast, immunofluorescence 
and phase contrast -to scanning near
field optical microscopy. With exist
ing scanned-probe microscopes we 
can "see" the nanometer realm of mol
ecules and microcircuits. As the same 
technology is applied to optical mi
croscopy, we may eventually come to 
see that world in the familiar terms of 
light, shadow and color. 
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The Origins 
of Indo-European Languages 

Almost all European languages are members of a single family. 
The author contends that they spread not by conquest, as has been 

thought, but along with the peaceful diffusion of agriculture 

O ne of the most contentious 
problems in the entire field of 
archaeology and prehistory is 

the explanation of the remarkable re
lations that link nearly all the Europe
an languages, many of the languages 
spoken in India and Pakistan and 
some of those in the lands between. 
For more than two centuries it has 
been known that the "Indo-European" 
languages are related. But what pre
historic process underlies that rela
tionship? How did related languages 
come to be spoken over such a wide 
area? What implications does their 
distribution hold for European prehis
tory and history? (Keep in mind as 
well that as a result of the colonial 
expansion of the 16th to 19th centu
ries, more people speak Indo-Europe
an languages than speak those of any 
other language group.) 

The traditional view of the spread of 
the Indo-European languages holds 
that an Ur-Ianguage, ancestor to all the 
others, was spoken by nomadic horse
men who lived in what is now western 
Russia north of the Black Sea near the 
beginning of the Bronze Age. As these 
mounted warriors roamed over great
er and greater expanses, they con
quered the indigenous peoples and 
imposed their own proto-Indo-Euro-

COUN RENFREW is Disney Professor 
of Archaeology at the University of Cam
bridge and Master of Jesus College 
there. He has conducted archaeological 
excavations in Greece and in the British 
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American were on radiocarbon dating, 
the obsidian trade and the megalithic 
monuments of Europe. The arguments 
made here are presented in greater de
tail in Renfrew's book Archaeology and 
Language: The Puzzle of Indo-European 
Origins, published by Cambridge Uni
versity Press in 1988. 

by Colin Renfrew 

pean language, which in the course of 
succeeding centuries evolved in local 
areas into the European languages we 
know today. 

In· recent years, however, many 
scholars, particularly archaeologists, 
have become dissatisfied with the tra
ditional explanation. I have analyzed 
the arguments for the accepted view 
and found them unconvincing. In this 
article I offer a different view, based 
on new insights into how cultural 
change comes about. According to this 
view, the spread of the Indo-European 
languages did not require conquest. 
On the contrary, it was likely to have 
been a peaceful diffusion linked to 
the spread of agriculture from its or
igins in Anatolia and the Near East. 
This proposed solution, which differs 
markedly from the accepted one, has 
profound implications for European 
prehistory and for linguistic studies 
of Indo-European languages. 

The starting point of the problem 
of the origins of Indo-Europe
an is not archaeological but lin

guistic. When linguists look at the 
languages of Europe, they quickly per
ceive that these languages are related. 
The connections can be seen in vocab
ulary, grammar and phonology (rules 
for pronunciation). To illustrate the 
relatedness in vocabulary, it is suffi
cient to compare the words for the 
numbers from one to 10 in several 
Indo-European languages [see illustra
tion on page 109]. Such a comparison 
makes it clear that there are signifi
cant similarities among many Euro
pean languages and also Sanskrit, the 
language of the earliest literary texts 
of India, but that languages such as 
Chinese or Japanese are not members 
of the same family. 

More detailed comparisons enable 
linguists to subdivide the languages 
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of Europe further, into families. The 
earliest family to be recognized, that 
of the Romance languages-all known 
to be descended from Latin-includes 
French, Italian, Spanish, Portuguese 
and Romanian. The Slavonic languages 
include Russian, Polish, Czech, Slovak, 

(ATAL HOYtJK is an early agricultural 
site on the central Anatolian plain in 
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Serbo-Croat and Bulgarian. The Ger
manic languages include German, Nor
wegian, Danish and Swedish. These 
families, which link the most closely 
related tongues, can themselves be re
grouped to form the larger Indo-Euro
pean language family. Indeed, only a 
few European languages (Hungarian, 
Finnish and Basque, for example) are 
not members of this family. 

How did this complex arrangement 
arise? The Romance languages served 
as the first model for answering the 
question. Even to someone with no 
knowledge of Latin, the profound sim
ilarities among Romance languages 
would have made it natural to suggest 
that they were derived from a com
mon ancestor. On the assumption that 
the shared characteristics of these 
languages came from the common 
progenitor (whereas the divergences 
arose later, as the languages diverged), 
it would have been possible to recon
struct many of the characteristics 9f 
the original proto-language. In much 
the same way it became clear that the 

branches of the Indo-European family 
could be studied and a hypothetical 
family tree constructed, reaching back 
to a common ancestor: proto-Indo
European. 

This is the tree approach, which was 
pioneered in the early 1860's by the 
German philologist August Schleicher; 
it provides the framework for the way 
most historical linguists still think 
about the development of language 
families. The basic process repre
sented by the tree model is one of 
divergence: when languages become 
isolated from one other, they qiffer 
increasingly, and dialects gradually 
differentiate until they become sepa
rate languages. 

Divergence is by no means the only 
possible tendency in language evolu
tion. Only a decade after Schleicher 
proposed his tree hypothesis, another 
German linguist, Johannes Schmidt, 
introduced a "wave" model in which 
linguistic changes spread like waves, 
leading ultimately to convergence
that is, growing Similarity among lan-

guages that were initially quite differ
ent. In 1939 the Soviet linguist N. S. 
Trubetskoy went so far as to suggest 
that the resemblances among the 
Indo-European languages might have 
come about this way. Today, however, 
most linguists dismiss Trubetskoy's 
suggestion and think primarily in 
terms of linguistic family trees. �thOUgh the starting point of the 

problem of Indo-European ori
gins may be linguistic, its so

lution certainly entails archaeology, 
which offers a means of testing the 
linguistic hypotheses. The archaeolo
gists began tackling the problem in 
the early 1900's. At that time the ar
chaeology of the Romans, Greeks and 
Celts was becoming increasingly well 
understood back to the early histor
ical period, perhaps as far back as 
the first millennium B.C. Moreover, ar
chaeological finds were being made 
that promised to extend scholarly un
derstanding deep into prehistory, in
deed back to Paleolithic ( Old Stone 

modern Turkey. Farming arose here and at nearby sites by 
about 7000 D.C.; not long afterward it began to spread north 

into Europe. The author contends that the prototypical form 
of the Indo-European language spread along with agriculture. 
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NON-INDO-EUROPEAN LANGUAGES 
� BASQUE p:::::q ESTONIAN ti::f:i:±t:±:i: ••••••••••• 
�HUNGARIAN � FINNISH 

INDO-EUROPEAN LANGUAGES 
o ROMANCE 0 ARMENIAN 

• GERMANIC 0 ALBANIAN 
o SLAVIC • IRANIAN 
o GREEK INOIC 

� 0 ANATOLIAN 
§ TOCHARIAN 

INDO-EUROPEAN lANGUAGES are distributed from Ireland to 
India_ Almost all the languages of Europe fall into this family_ 

Among the exceptions are Finnish and Hungarian, in the Fin
no-Ugric group, and Basque, which exists in splendid isolation. 

Age) times in most regions of Europe_ 
It began to seem plausible that such 
material evidence might make it pos
sible to trace the cultures of the 
speakers of European languages back 
to their origins. 

In those early days of archaeology it 
was assumed that most significant 
cultural changes came about as the 
result of migrations of entire peoples, 
or tribes. Migration routes could be 
traced, it was thought, by means of 
characteristic weapons, tools and pot
tery left along the way. It was also 
assumed that a specific assemblage of 
artifacts-what archaeologists call a 
"culture"-could document a specific 
tribe of people with their own lan
guage. In this way the movements of 
tribes, as tracked by the archaeologi
cal record, would account for the dis
persal of the early Indo-European lan
guages. The question then became one 
of finding the original "homeland" of 
the Indo-Europeans and tracing their 

dispersals, using the record of archae
ological cultures. 

The search for this homeland 
proved controversial, however, and 
the discussion has not always re
mained purely academic. For most of 
this century German scholars have 
generally preferred an Indo-European 
homeland in northern Europe. Some 
of their work was taken up by the 
Nazis in an effort to prove that the 
original Indo-European language had 
been spoken by a master race of "Ary
ans" in Germany. The Semitic lan
guages, which form a different group, 
were associated with a race thought by 
the Nazis to be inferior. From such 
garbled misuse of linguistics and an
thropology sprang part of the sordid 
rationale for the Third Reich. Not sur
priSingly, in recent years scholars have 
trod carefully (if at all) in the field. 

Yet the concept of a northern Eu
ropean homeland for Indo-European 
was not the most influential in schol-
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arly circles. In 1926 V. Gordon Childe 
of the Royal Anthropological Institute 
in London published a book called The 
Aryans in which he argued for a home
land in the steppe areas north of the 
Black Sea, in what is now Russia, some
time between the late Neolithic period 
and the beginning of the Bronze Age, 
which was well established in some 
parts of Europe by 3000 B.C. 

Childe's text comprised both ar
chaeological and linguistic arguments, 
the latter being particularly ingenious. 
They drew on the success of linguists 
in establishing a "core" vocabulary 
that was common to many Indo-Euro
pean languages. This core, it was in
ferred, had survived from the proto
Indo-European language spoken in the 
homeland. "Core" words for plants 
and animals were employed to obtain 
a picture of the environment in which 
early speakers of the language lived. 
Other words provided a means of dat
ing the formation of the proto-lan-
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guage. There was no core word for 
iron or bronze, but there were words 
for the horse and the wheel. Therefore, 
it seemed that the initial dispersal 
of the Indo-Europeans must have tak
en place before the beginning of the 
Bronze Age but after the time when 
horses were domesticated and wag
ons introduced. 

C hilde went on to link these lin
guistic ideas with the archaeo
logical evidence. In particular, 

he focused on Corded Ware (a type of 
pottery decorated by pressing cords 
into the wet clay), which is widely 
found in sites dating to the beginning 
of the Bronze Age. In northern and 
eastern Europe this pottery is often dis
covered-accompanied by stone bat
tle-axes-in earthen mounds, called 
kurgans in Russian, that served as 
tombs for prominent men. Childe pro
posed that these artifacts were the 
material remains of groups of nomad
ic pastoralists, armed and on horse
back, who migrated from their steppe 
homeland north of the Black Sea at 
the inception of the Bronze Age. They 
were, in short, the Indo-Europeans. 

In recent years this argument has 
been set forth in impressive detail by 
Marija Gimbutas of the University of 
California at Los Angeles. Drawing on 
the evidence described by Childe and 
buttressing it with recent findings, 
Gimbutas reconstructed a series of 
"Kurgan invasions" flowing west from 
the lands north of the Black Sea. This 
view has now been widely accepted by 
historical linguists. Many archaeolo
gists have also come to accept it, and 
other archaeological arguments are 
now frequently tailored to make them 
conform to the Kurgan-invasion hy
pothesis. Yet to my mind it is not a 
satisfactory story. 

My reasoning is severalfold. In the 
first place, the archaeology is not con
vincing. Today many archaeologists 
see the Corded Ware burials as essen
tially local phenomena in which pres
tige goods were buried with members 
of emerging local aristocracies. Nor is 
the argument from the core words a 
strong one. Some of the so-called core 
words for plants and animals may 
have changed in meaning over time; in 
any case they are not necessarily spe
cific to a particular geographic area. 
Words that provide the basis for dat
ings are likewise suspect. Robert Cole
man of the University of Cambridge 
has questioned the notion that the 
words for the wheel and the horse 
were actually part of a "protolexicon" 
prior to a generalized dispersal. 

Perhaps the strongest objection is 

simply the lack of conviction behind 
the whole story. Why on earth should 
hordes of mounted warriors have 
moved west at the end of the Neolith
ic, subjugating the inhabitants of Eu
rope and imposing the proto-Indo
European language on them? What 
enormous upsurge of population on 
the steppes could have been responsi
ble? Although its construction is ele
gant, the story does not ring true for 
this listener. 

The underlying problem, I believe, is 
that insufficient attention has been 
paid to the question of how change in 
language might actually be reflected 
in the archaeological record. Many of 
the traditional arguments, as I men
tioned above, tend to equate a given 
assemblage of artifacts with a suppos
edly well-defined group, such as a 
tribe. Archaeologists now realize, how
ever, that it is they who recognize 
and define archaeological "cultures" 
and that the equation with supposed 
tribes is problematic. What is more, 
the further equation between a peo
ple, so defined, and a particular lan
guage or language group is much less 
than a straightforward proposition. 

In my view one should avoid equat
ing a particular style of pottery 
such as Corded Ware with a peo

ple or with a language. Instead the 
analysis should focus on processes 
of cultural change. What social, eco
nomic and demographic processes, it 
should be asked, might be correlated 
with changes in language? Having an-

ONE AINS UNUS 

TWO TWAI DUO 

THREE THRIJA TRES 

FOUR FIDWOR QUATTUOR 

FIVE FIMF QUINQUE 

S IX SAIHS SEX 

SEVEN SIBUM SEPTEM 

EIGHT AHTAU OCTO 

NINE NIUN NOVEM 

TEN TAIHUM DECEM 

, 

swered that question, one can then 
ask how those changes would be re
flected in the archaeological record. 
Before proceeding to the material re
cord, though, it is necessary to con
struct some explicit models of how 
language change might occur accord
ing to a process-based view. 

There are four main classes of mod
els, which space permits me to treat 
only very briefly. The first is the proc
ess of initial colonization, by which an 
uninhabited territory becomes popu
lated; its language naturally becomes 
that of the colonizers. Second are 
processes of divergence, such as the 
linguistic divergence arising from sep
aration or isolation that I discussed 
in relation to early models of the 
Indo-European languages. The third 
group of models is based on process
es of linguistic convergence. The wave 
model, formulated by Schmidt in the 
1870's, is. an example, but as I said, 
convergence models have not general
ly found favor among linguists. 

Now, the slow and rather static op
eration of these processes is com
plicated by another factor: linguistic 
replacement. That factor provides the 
basis for a fourth class of models. In 
many areas of the world the languag
es initially spoken by the indigenous 
people have come to be replaced, fully 
or partially, by languages spoken by 
people coming from outside. Were it 
not for this large complicating factor, 
the world's linguistic history could be 
faithfully described by the initial dis
tribution of Homo sapiens sapiens, fol-

HEIS EKAS HIITOTSU 

DUO OVA FUTATSU 

TREIS TRYAS MITTSU 

TETTARES . CATVARAS YOTTSU 

PENTE PANCA ITSUTSU 

HEKS SAT MUTTSU 

HEPTA SAPTA NANATSU 

OKTO ' ASTA YATTSU 

ENNEA NAVA KOKONOTSU 

DEKA DASA TO 

WORDS FOR NUMBERS from one to 10 show the relations among Indo-European 

languages and the anomalous character of Japanese, which is not part of that fam-
ily. Such similarities stimulated interest in the origins of Indo-European languages. 
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GERMANIC 

LI.THUANIAN 

SLAVIC 

CELTIC 

ITALIC 

ALBANIAN ...... 
".!If.. GREEK 

INDO-EUROPEAN CRECO_ � __ .::;I N:.;D�O�-/�R!At!.N/�A�N�=:::::
� IRANIAN IT ALO-CELTIC INDIC 

TREE MODEL of the origins of the Indo-European languages is based on divergence 
from a common root: the proto-Indo-European language_ This diagram was devised 
in the 1860's by the German linguist August Schleicher, pioneer of the tree approach. 

lowed by the gradual, long-term work
ings of divergence and convergence. 

It seems to me that linguistic re
placement has a key role to play in 
explaining the origins of the Indo
European languages. The archaeologi
cal record indicates that Europe has 
been populated continuously since far 
back in the Old Stone Age. Hence ini
tial colonization is unlikely to supply 
much of the answer. It seems unlikely 
that simple divergence could explain 
the complex pattern of relations seen 
among the European languages. The 
suggestion of unity through conver
gence, proposed by Trubetskoy, has 
been widely rejected. Almost by de
fault it seems that a model based on 
linguistic replacement is necessary. 
The Kurgan-invasion model does fall 
into that category, but, as I said, it is 
not wholly satisfactory. What are the 
alternatives? 

There are several ways one lan
guage might replace another in 
a specific region. The first pri

marily entails demographic and eco
nomic processes. The existing popula
tion of the region will generally have 
a well-established subsistence econo
my. Whether the economy is based on 
hunting-and-gathering or on farming, 
it will already have begun to approach 
its appropriate "carrying capacity." If a 
group of newcomers is to establish 
itself by peaceful means, it must have 
a technology that will enable it to 
exploit a different ecological niche or 
compete successfully in the same one. 

Only in such cases will the incoming 
population expand enough so that 
their language begins to predominate. 

Other forms of replacement are 
possible. When the incoming group 
is well organized and possesses su
perior military technology, it may be 
able to take over the existing social 
system and dominate by force of 
arms. In such cases the newly domi
nant elite may impose their own lan
guage. Such elite dominance, however, 
requires the fulfillment of several pre
conditions. One is the possession of a 
superior military technology. Another 
is that both social orders-of the in
habitants and of the occupiers-must 
have a high degree of organization. 
The incoming group must be organ
ized in order to exert dominance; the 
indigenous society must be highly or
ganized if it is to be taken over at all. 

The Kurgan invasions would be a 
good example of the elite-dominance 
model if it could be shown that these 
criteria had been fulfilled. But that is 
not likely. The supposed military ad
vantage of the Kurgan warriors (the 
fact that they were mounted) is hypo
thetical, since it is not clear that there 
were mounted warriors at the time. 
Furthermore, it has yet to be shown 
that either the incoming invaders or 
the inhabitants of Europe were suffi
ciently highly organized before the 
beginning of the Bronze Age to have 
undergone such a process. Indeed, it is 
likely that pronounced social stratifi
cation emerged in Europe only with 
the Bronze Age; in the preceding Neo-
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lithic period most societies are likely 
to have been largely egalitarian. 

Two other forms of replacement 
ought to be mentioned, at least in 
passing. When a highly centralized so
ciety collapses, peoples formerly kept 
under control beyond the frontier can 
take advantage of the power vacuum 
and move in, as they did at the end of 
the Roman Empire. In the cases of 
such system collapse, the language of 
the invading "barbarians" may sup
plant that of the imperial center. 

Alternatively, when long-distance 
trade builds up in an egalitarian socie
ty, a trading language, or lingua franca, 
often develops. A pidgin language (a 
Simplified version of a language origi
nally spoken outside the territory in 
question) is an example. When a pid
gin language begins to be spoken as a 
mother tongue by some inhabitants, it 
is termed a creole, and creolization, 
which is a type of replacement, is now 
regarded as an important aspect of 
linguistic development. 

Applying these forms of linguistic 
replacement -demographic change, 
elite dOminance, system collapse and 
lingua franca-to European history 
and prehistory brings us considerably 
closer to our goal. Elite dominance and 
system collapse both require a degree 
of social organization that was prob
ably lacking prior to the Bronze Age. 
It is unlikely that any European trad
ing system before the Bronze Age was 
suffiCiently intensive to foster the 
development of a lingua franca. That 
leaves the demographic and subsist
ence models. If one surveys European 
prehistory there is an event wide-rang
ing and radical enough in its effect to 
be a candidate, and that event does 
indeed fall squarely into the subsist
ence category: the coming of farming. 

In the seventh millennium B.C. a 
novel agricultural economy began 
to spread across Europe, based on 

the cultivation of wheat and barley 
and the herding of sheep and goats. 
These species did not grow wild in 
Europe; they were imported. If one 
traces their ancestry back across Eu
rope to the nearest region where their 
prototypes then existed in the wild 
state, one comes to central Anatolia, 
which today is part of Turkey. Actual
ly, the domestication of these species 
seems to have taken place at about 
the same time in several adjoining re
gions of the Near East, but Anatolia 
is most relevant here because it was 
from there that the new domesticates 
reached Europe. 

What was this spread like in demo
graphic terms? Albert j. Ammerman 
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and Luca L .  Cavalli-Sforza at Stanford 
University have offered an elegant 
answer in the form of a model they 
call the "wave of advance." Their mod
el presupposes that the agricultural 
economy was carried by local move
ments of farmers and their offspring. 

Once agriculture reached any giv
en area, the population density there 
would have increased rapidly. Indeed, 
Ammerman and Cavalli-Sforza note 
that farming could have increased the 
population density 50-fold over the 
one person per 10 square kilome
ters that was probably typical of early 
hunter-gatherer economies. The in
crease in population density has po
tent consequences in the wave-of
advance model. 

Ammerman and Cavalli-Sforza as
sume an interval between generations 
of 25 years. They further assume that 
on coming of age each farmer moves 
18 kilometers (in a random direction) 
from the parental homestead to estab
lish his own farm. With those assump
tions providing the basis for calcu
lations, Ammerman and Cavalli-Sfor
za show that agriculture would have 

spread across Europe as a wave pro
gressing at an average velocity of one 
kilometer per year. At that pace it 
would have taken about 1,500 years 
for the farming economy to reach 
northern Europe from Anatolia, which 
accords quite well with the available 
archaeological evidence. 

Of course, no single model could 
adequately describe a social 
process as complex as the 

coming of farming to Europe. Varia
tions in terrain and in climate, among 
other conditions, imply that reality 
will differ Significantly from the mod
el. Moreover, the wave of advance is by 
no means the only possible applic
able model, as archaeologist Marek 
Zvelebil of the University of Sheffield 
in England and his father Kamil Zvele
bil, a linguist of Czech origin now 
based in the Netherlands, have point
ed out. If the local hunter-gatherer 
population adopted farming from 
their neighbors, farming might have 
spread somewhat more slowly and 
without linguistic replacement, be
cause the farmers would be the na-

tives with their new economy rather 
than the newcomers speaking their 
own, new tongue. 

The reality was probably a mixture 
of these two processes. Agriculture 
may well have been brought by new
comers to Greece and then to the Bal
kans, central Europe and southern Ita
ly. In other regions, however, agricul
ture may have been adopted by the 
indigenous population, a pattern that 
would explain the anomalous persist
ence of several non-Indo-European 
languages. One of these is Basque, 
which survives to the present day. An
other is the Etruscan language of cen
tral Italy, which survived until Roman 
times. Several other shadowy tongues, 
including Iberian, the early language 
of Spain, and Pictish, the pre-Celtic 
language of Scotland, may be amena
ble to similar explanations. 

Whatever the details of the entry of 
agriculture into specific regions, the 
process as a whole provides a coher
ent alternative to the conventional pic
ture of how the Indo-European lan
guage came to Europe. The new pic
ture differs markedly from the old 

"KURGAN INVASION" hypothesis pictured the original Indo
Europeans as mounted warriors ranging out from a homeland 

north of the Black Sea (orange) beginning in about 4000 B.C. 
This map is based on one drawn by Marija Gimbutas of the 

University of California at Los Angeles. The first wave of inva
sions, according to the model, brought the warriors to Greece 
by about 3500 B.C. Thence they spread north and south; 

colored arrows show their movements after about 2500 B.C. 
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DIFFUSION OF AGRICULTURE over Europe from its zone of 
origin in the Near East took a little more than 2,000 years. 
The map depicts sites where remains of crops typical of early 

SEQUENCE of linguistic transformations has been proposed by 
the author as a parallel to the diffusion of agriculture; here 
each transformation is designated by a number. The initial 

transformation (1) was from the early agricultural culture of 
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farming have been found. The early-crop assemblage reached 
Greece between 6000 and 5000 B.C.; 1,000 years later it 
was distributed throughout what is now Germany and Poland. 

Anatolia, home of the proto-Indo-European language, to that of 
central Greece, where the language ancestral to Greek later 
developed. Each transformation after that led in turn to the 
subsequent formation of a new language or language group. 
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one. Its immigrants come from Anato
lia rather than from the steppes and at 
a date (6500 B.C. or so) several thou
sand years earlier than has generally 
been suggested. My hypothesis also 
implies that the first Indo-European 
speakers were not invading warriors 
with a centrally organized society but 
peasant farmers whose societies were 
basically egalitarian and who in the 
course of an entire lifetime moved 
perhaps only a few kilometers. 

This hypothesis has some sig
nificant corollaries for the pre
history of the steppe region of 

Russia and for European prehistory 
in general. Indeed, my model would 
reverse the direction of influence be
tween the steppes and western Eu
rope as outlined by Childe and Gimbu
tas. In the new hypothesis one would 
expect farming and early Indo-Europe
an speech to reach the steppe lands of 
Russia from the west, rather than the 
other way around. And there is eviL 
dence of early farming villages in the 
Ukraine whose wheat and barley was 
almost certainly acquired from the 
west: from the Balkans, where cereal 
farming had arrived from Anatolia by 
way of Greece. Hence the first speak
ers of proto-Indo-European in the 
steppe region probably communicat
ed in a tongue of Anatolian origin that 
had already passed through Greece 
and the Balkans by the time it reached 
the lands north of the Black Sea. 

In a more general sense, if the arrival 
of Indo-European in Europe is pushed 
back to 6500 B.C., then there is con
siderably greater continuity in Euro
pean prehistory than has previously 
been believed. There was no sudden 
discontinuity at the beginning of the 
Bronze Age, as represented by the 
"Coming of the Indo-Europeans" de
scribed in many textbooks of prehis
tory. Nor was there a discontinuity in 
the Iron Age as has often thought to be 
represented by the arrival of the Celts 
in northern Europe. The Celtic lan
guage would have evolved in west
ern Europe from Indo-European roots. 
Rather than an alien group obliterat
ed by the Indo-Europeans, the people 
who built Stonehenge and the other 
great megalithic monuments of Eu
rope were Indo-Europeans who spoke 
a form of Indo-European ancestral to 
the Celtic languages of today. 

In this light the whole early history 
of Europe appears as a series of trans
formations and evolutionary adapta
tions on a common proto-indO-Euro
pean base augmented by a few non
Indo-European survivals. The story is 
not predicated on a series of migra-
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WA VI-Of-ADV ANCE MODEL, formulated by Albert J. Ammerman and Luca L .  Cavalli
Sforza at Stanford University, simulates the effects of farming on population density. 
Agriculture can support densities many times greater than those of hunter-gatherer 
economies. As farming takes hold in new regions, even small movements of farmers 
away from family homesteads to set up their own new farms will cause agriculture to 
spill over into new territories in a ''wave of advance." These curves measure pop
ulation density in relation to the origin of agriculture as simulated by the model. 

tions from without but on a series of 
complex interactions within a Europe 
that was already fundamentally agri
cultural in economy and indo-Europe
an in language. 

So far I have concentrated on Eu
rope, but the hypothesis that the 
spread of language is linked to the 
dissemination of agriculture has im
plications well outside that continent. 
The archaeological evidence makes it 
clear that Anatolia was not the only 
region in which early domestication 
took place. The zone of origination 
of agriculture had at least two other 
lobes, more or less self-contained re
gions within the larger zone. These 
were the Levant, a strip some 50 to 
100 kilometers wide on the Mediter
ranean coast of what is now Jordan, 
Lebanon, Syria and Israel, and the Zag
ros region of Iraq and Iran [see illustra
tion on next page]. 

G iven that the wave-of-advance 
model of demic diffusion is 
based chiefly on the capacity of 

farming to increase population densi
ty, it should be expected that wherever 
agriculture originates, a wave compa
rable to the European one should radi
ate outward. Where the Levant is con
cerned, the terrain dictates that such a 
wave would move south into the Ara
bian peninsula and west into northern 
Africa. In the case of the Zagros region, 
the wave would likely move to the 
southeast and the east, into Asia. 

Now, there is accumulating evidence 
that farming did come to Africa north 
of the Sahara not long after its arrival 
in Europe. I would like to propose that 
it arrived there by a process of demic 
diffusion that mirrors the one in Eu-

rope. But what of the linguistic aspect 
of the process? In much of northern 
Africa the dominant linguistic group 
is the Afro-Asiatic, which includes 
Ancient Egyptian and the Berber lan
guages as well as the Semitic group, 
which are sometimes thought to have 
originated in Arabia. It is possible, 
however, that all these languages can 
be traced back to a proto-Afro-Asiatic 
root in the Levantine lobe of agricul
ture's zone of origin. 

Turning to the third lobe, the one 
based in the Zagros, one would predict 
the propagation of the farming econo
my east across southern Iran and as 
far as Pakistan. In this connection it 
is interesting that the linguist David 
McAlpin of the University of London 
has recently shown that Elamite, a lan
guage known to have been spoken 
in the ancient kingdom of Elam (now 
part of Khuzistan in southwestern 
Iran) is related to the Dravidian lan
guages of India. It may be that the 
southeastern wave of advance carried 
the ancestor of the Elamite and Dra
vidian languages across to India and 
Pakistan. Later the proto-Dravidian 
tongue would have been displaced by 
the Indo-European languages that are 
now spoken in India. 

This somewhat expanded version of 
the wave-of-advance model has the 
effect of situating the ancestral lan
guages of the Indo-European, Afro
Asiatic and Dravidian groups quite 
close together in the Near East about 
10,000 years ago. Although still hypo
thetical, this picture finds remarkable 
support from recent work in linguis-
tics and genetics. . 

More than 20 years ago the Sovi
et linguists Vladislav M. Illich-Svitych 
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· - ALI KOSH 

MEHRGARH 

ZONE OF ORIGINATION of agriculture had three "lobes," each 
of which may have given rise to a great family of languages 
by diffusion. The Anatolian lobe, containing <;:atal Hiiyiik, may 
have been the cradle of the Indo·European languages. A second 
lobe, containing Jericho, may have been the homeland of the 
languages of Egypt and northern Africa. A third lobe, contain-

ing Ali Kosh, may have been the source of a group of languages 
in India and Pakistan that were later replaced by languages of 
the Indo-European group. Elsloo, Jeitun and Mehrgarh are early 
farming sites in these three great diffusional pathways. The 
processes that are depicted on the map are hypothetical but 
are supported by recent findings in linguistics and genetics. 

and Aron Dolgopolsky proposed that a 
number of Eurasian language families, 
including, among others, the Indo-Eu
ropean, the Afro-Asiatic and the Dra
vidian, are related in a "superfamily" 
they called the Nostratic. The recog
nition of superfamilies, which may 
represent a breakthrough in linguis
tics, is still regarded as controversiaL 
Indeed, the work of the two Soviet 
scholars is only now becoming known 
in the West. It is notable, however, that 
they have also suggested Anatolia as 
the homeland of the proto-Indo-Euro
pean language. Since I was unaware 
of their views when I made my pro
posal, the convergence of views is 
striking. 

That convergence is buttressed by 
some new genetic findings by the re
search group of Cavalli-Sforza and 
that of Allan C. Wilson of the Universi
ty of California at Berkeley. Both teams 
employed statistical methods to ana
lyze blood groupings of living popula
tions and infer their genetic affinities. 
They conclude that there is a close 
genetic relationship among the speak
ers of the Afro-Asiatic, Indo-Europe
an and Dravidian languages, among 
others. Their findings thus harmonize 
with the Nostratic hypothesis and per
haps with the view that the coming 
of farming is intimately linked to the 
formation and distribution of present
day languages. 

Taking the final step back and 

adopting the most global of perspec
tives, the proposal that one can make 
meaningful statements about proto
languages and language groupings 
as far back as 10,000 B.c. may ulti
mately open the way to a better un
derstanding of the whole phenome
non of human linguistic diversity. 
Most (although by no means all) 
scholars today believe that the com
prehensive linguistic ability seen in 
human populations emerged with 
Homo sapiens sapiens, the anatomical
ly modern form of our species. New 
findings from Israel and southern Af
rica suggest that the transition to 
Homo sapiens sapiens took place 
about 100,000 years ago. Not long af
ter that date modern humans were 
probably spreading out of Africa and 
populating large regions of the globe. 
This biological evolution and disper
sal provides the framework within 
which human language and linguistic 
diversity must be explained. 

It would be wrong, however, to as
sume that the last word has been spo
ken here. Actually, although I have end
ed with global considerations, I began 
with a relatively limited end in view: 
criticizing the accepted explanation of 
the origin of the Indo-European lan
guages. My provisional proposal of an 
early Anatolian origin does find some 
validation in recent linguistic and ge
netic research. The final picture will 
no doubt be more complex than the 

114 SCIENTIFIC AMERICAN October 1989 

one I have sketched, involving sever
al historical episodes and a variety of 
theoretical models. Yet I predict that 
when a more complete understanding 
is achieved, the spread of farming 
from Anatolia into Europe will prove 
to be a significant part of the story. 

FURTHER READING 
THE ARYANS: A STUDY OF INDO-EUROPE

AN ORIGINS. V. Gordon Childe. Alfred A. 

Knopf, Inc., 1926. 

INDO-EUROPEAN AND INDO-EUROPEANS. 

Edited by George Cardona, Henry M. 
Hoenigswald and Alfred Senn. Universi
ty of Pennsylvania Press, 1970. 

THE NEOLITHIC TRANSITION AND THE 

GENETICS OF POPULATIONS IN EUROPE. 

Albert]. Ammerman and L. L. Caval
li-Sforza. Princeton University Press, 
1984. 

ARCHAEOLOGY AND LANGUAGE: THE 

PUZZLE OF iNDO-EUROPEAN ORIGINS. 

A. Colin Renfrew. Cambridge University 
Press, 1988. 

NOSTRATIC. Mark Kaiser and V. Shevo
roshkin in Annual Review of Anthropol
ogy, Vol. 17, pages 309-329; 1988. 

RECONSTRUCTING LANGUAGES AND CUL

TURES: ABSTRACTS AND MATERIALS 

FROM THE FIRST iNTERNATIONAL iNTER

DISCIPLINARY SYMPOSIUM ON LANGUAGE 

AND PREHISTORY, ANN ARBOR, NOVEM

BER 8-12, 1988. Edited by Vitaly Shev
oroshkin. Studienverlag Dr. Norbert 
Brockmeier, 1989. 

iN SEARCH OF THE INDo-EuROPEANS: LAN

GUAGE, ARCHAEOLOGY AND MYT H. ]. P. 
Mallory. Thames and Hudson, 1989. 

© 1989 SCIENTIFIC AMERICAN, INC



Introducing ... 
CARE of the SURGICAL PATIENT 
from SCIENTIFIC AMERICAN Medicine 
Because the quality of your care depends on the quality of your information. 

Treating pre and post operative patients poses a unique set of 
challenges. Yet in one way it's no different than any other 
practice issue. 

Doing it well takes the right information. 
That's why SCIENTIFIC AMERICAN Medicine is pleased to 

announce the publication of CARE of the SURGICAL PATIENT. 

The definitive resource on pre and post
operative care. 

CARE of the SURGICAL PATIENT gives you ready access to the 
most authoritative and current information on pre and post
operative standards available anywhere. 

Written and designed by prominent surgeons under the 
supervision of the American College of Surgeons' Committee on 
Pre and Postoperative Care, CARE of the SURGICAL PATIENT 

provides two volumes - over 1,500 pages - of practical 
information on both critical and elective care. 

And, CARE of the SURGICAL PA TIENT is updated twice a year, 
with each surgeon-author reviewing his own specialty. Updates 
include new information on significant topics, such as current 
developments on AIDS. 

In short, CARE of the SURGICAL PATIENT presents the 
standards for pre and postoperative treatment. You simply won't 
find a more important resource. Or one that organizes its 
information in such an intelligent way. 

A unique system for rapid information 
retrieval. 

CARE of the SURGICAL PATIENT is designed to get you the 
information you need, the way you need it. 

Quickly. And intelligently. 
The key is the system's three-part format. Chapters begin with 

a full page algorithm - the relevant facts at a moment's glance. 
Next, there's a detailed explanation of each element laid out in 
the treatment pathway. The third section covers etiology, 
pathobiology, and relevant clinical advances, as well as current 
references. 

You choose the level of detail you need at the moment. 
Without having to wade through everything else. And unlike 
most texts, CARE of the SURGICAL PATIENT covers topics in 
order of urgency, instead of by organ system. Which means you 
have access to information as it relates to the real world 
treatment of the patient. 

- -- 7 EARLY POSTOPERATIVE 
PNEUMONIA 

��7���;....., r.;r ��l�.i �T-!Ie 
l /Z:�":::::'== 1- _ 

aIj 0 YES, please send me CARE of the SURGICAL PATIENT . 
• __ , .. ,_ •.•. __ ., I will receive the two-volume, 1,500 page set and one update, at a first

year price of US$225. (Sales tax added for MI or NY.) If not completely 
satisfied, I may return the books within 30 days for a full refund. 

Try CARE of the SURGICAL PATIENT 
Free for 30 days. 

You'll find it the most valuable resource on pre and post
operative care that's ever been published. And if you're not 
satisfied, just return it. No risk. No obligation. 

CARE of the SURGICAL PA TIENT, from SCIENTIFIC AMERICAN 
Medicine. No other resource helps you keep up better. 

And the better you keep up, tbe better your care. 

o Check enclosed 0 MasterCard 0 VISA 0 Bill me 

Acct.# ____________ Exp. Date ____ _ 
Name ___________________ __ 
Address __________________ _ 

City __________ State Zip ___ _ 
Signature Specialty _____ _ 

Or call toll free 1-8003458112. 

SCIENTIFIC r;\/Jrermnrrunr;\nre 415 Madison Avenue, 

AMERICAN U\'lUl!;;lliJUl\JJUU�l!;; New York, NY 10017 7509 

© 1989 SCIENTIFIC AMERICAN, INC



THE AMATEUR 

SCIENTIST 
How to build a Hele-Shaw cell and watch 

bubbles Playing� a viscous fluid 

M 
by learl Walker 

�.r bubbles rising through a vis
cous fluid sometimes take on 

curious shapes, combining and 
interacting in perplexing ways. Such 
behavior often goes unnoticed be
cause it is hard to observe the bubbles 
in an ordinary container, particularly 
when the fluid is opaque. One way to 
enhance the visibility and at the same 
time somewhat reduce the complex
ity of the various goings-on is to place 
the fluid in a Hele-Shaw cell, a de
vice named for Henry S. Hele-Shaw, 
the English engineer who devised it 
around the turn of the century. 

The cell consists primarily of two 
transparent plates separated by a nar-

row gap. A thin spacer runs along 
the internal edges of the plates to 
maintain their separation and keep 
the fluid from leaking out. Air bub
bles are introduced into the cell 
through a port along one of the edges. 
The fluid can be pushed or pulled 
through the cell by a pump connected 
to other ports. Alternatively, the cell 
can simply be propped up at a slant 
or mounted vertically so that gravi
ty and buoyancy move the fluid and 
the bubbles. 

The most obvious advantage of a 
Hele-Shaw cell is that the bubbles are 
always visible. Even if the fluid in bulk 
is opaque, a thin layer of it is trans-

The experimental setup with the Hele-Shaw cell 
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parent because it hardly absorbs any 
light. Moreover, the flow is effectively 
two-dimensional and so is easier to 
analyze than when it is three-dimen
sional in a wider container. 

Hele-Shaw cells have been used ex
tensively for investigating various fea
tures of bubble formation and fluid 
flow, but it was not until recently that 
some rather curious features of bub
bles were noticed. In 1986 Tony Max
worthy of the University of Southern 
California reported that when a series 
of bubbles were released individually 
in a viscous silicone oil, they tended to 
queue and then move up through the 
fluid like a wagon train. Often a "bub
ble stack," as Maxworthy called it, be
came unstable, the lead bubble split
ting down its center. As the stack con
tinued to ascend, the instability and 
splitting progressed down through 
the length of the stack, bubble by 
bubble, until there were two sepa
rate stacks. 

In additional research Maxworthy 
and several other investigators stud
ied the shapes air bubbles assume 
when they move through glycerin and 
other viscous fluids in a Hele-Shaw 
cell. You might think that surface 
tension would keep a bubble always 
circular or slightly oval, but actually 
a number of odd shapes happen to 
be stable. 

I wondered if the bubble stacks and 
odd bubble shapes might be attain
able in a homemade Hele-Shaw cell. 
From a local store specializing in plas
tic supplies I purchased two square 
acrylic plates that measured is inch
es on a side and were 3/4 inch thick. 
To separate the plates I used narrow, 
thin strips of Styrofoam that are sold 
in hardware stores for weatherproof
ing windows. The strips come with 
a sticky side that adheres well to the 
acrylic. I applied strips along three 
edges on the face of one plate. Along 
the fourth edge I applied two short
er strips so that a wide central hole 
was left between them to serve as an 
air vent. 

I next laid the plate on paper tow
els and poured or squirted a fluid 
onto the surface inside the strips to 
cover about half of the area. Then I 
placed the second plate on the first 
one, taking care to align their edg
es. I squeezed the plates by tighten
ing four C-damps along their left 
and right sides, one near each corner. 
The plates were then separated by 
less than a millimeter, but the width 
varied across the cell because of the 
pressure of the fluid. The fluid filled 
most of the cell. 

I planned to let gravity drive air 
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bubbles through the fluid, and so I 
needed to mount the cell upright 
with the air vent at the top. Because 
some of the fluids I employed leaked 
slowly through the bottom Styrofoam 
strip, I worked over a sink. To support 
the cell I fashioned a bridge from 
four metersticks. They were taped in 
pairs with wide plastic tape, and the 
pairs were laid across the sink with 
a small separation between them. I 
balanced the cell on top of the two
beam bridge, with the cell's bottom 
Styrofoam strip centered on the gap 
between the beams [see illustration on 
opposite page]. On the other side of 
the sink I put a flood lamp clamped 
to a laboratory stand. To diffuse its 
light I suspended a wide sheet of 
white paper between the lamp and 
the cell. 

When I placed the cell on the bridge, 

often some air bubbles were already in 
the flUid, having been trapped when 
I clamped the plates. Each bubble 
was outlined with a distinct dark line, 
whereas the regions within the bubble 
and elsewhere in the cell were uni
formly lit. The dark line was caused by 
refraction of the light as it passed 
through the shallow, curved surface of 
the bubble that straddled the gap be
tween the plates. The refraction sent 
the light rays off to one side of my 
field of view, which left the border 
darker than the other regions. The 
bubbles were so stark that they resem
bled a penciled sketch. 

To make additional bubbles I passed 
the needle of a syringe through the 
gap '0 between the bridge beams and 
then carefully forced it up through 
the bottom Styrofoam strip in the 
cell. The syringe was filled with air, 

and pushing on the plunger injected a 
small amount of the air into the fluid, 
where it formed a bubble. The bubble 
gradually rose away from the syringe 
and traveled up through the cell. In
jecting a large bubble was easy, but 
producing small ones was more dif
ficult: the resistance of the fluid re
quired a strong push on the plunger 
before the fluid yielded-with a sud
den "give" that often produced a bub
ble larger than I wanted. I found that 
if I pulled back on the plunger before 
the bubble left the tip of the syringe, 
I could remove some of the air and 
thereby shrink the bubble. 

To photograph the bubbles I mag
nified them by mounting on my 35-
millimeter camera three lenses from 
a close-up kit. During the photogra
phy I switched off the room lights so 
that only the diffused light from the 

Sequence of photographs (left to right, top to bottom) of a bubble stack splitting and recombining 
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flood lamp illuminated the cell. The 
viscosity of the fluid was usually high 
enough, and the confines of the cell 
narrow enough, so that the bubbles 
moved sedately, allowing me to bring 
them into focus and take a photo
graph before they shifted appreciably. 
( The slow migration of the bubbles 
also meant that each test of a fluid 
in the cell required at least an hour 
of observation and sometimes much 
more.) I had some film that was color
balanced for the flood lamp, but of
ten I used film that was easier to find 
but was not balanced; it yielded pho
tographs with an unnatural tint, as 
may be evident in some of the accom
panying illustrations. 

For the tests I collected a variety 
of fluids. I found glycerin in a drug
store and then explored the shelves 
there and in several food stores for 
other appropriate materials. When a 
fluid was packaged in a transparent 
container, I inverted the container and 
watched as an air bubble rose through 
the fluid. If the bubble moved slowly, 
that meant the fluid was viscous, and 
I added it to my collection. 

Before describing my attempts to 
replicate Maxworthy's bubble stacks, 
let me say a bit more about what 
he observed with silicone oil. When 
his bubbles overtook one another to 
form a stack, each bubble was sep· 
arated from its neighbor by a thin 
membrane of oil. Occasionally a memo 
brane failed: two bubbles coalesced, 
and their sides wrestled into a new, 
wider bubble. 

If the stack did not coalesce fully, it 
sometimes became unstable along the 
topmost bubble's leading edge, which 
is normally convex upward. Once the 
instability began to develop, the edge 
straightened and then began to sink 
into the bubble. The instability arose 
from the fact that a dense fluid (the 

The trails lett by bubbles 

oil) overlay a less dense fluid (the 
air) along the edge. If surface tension 
along the edge kept the edge upward
ly convex for a time, it kept the oil 
from Sinking into the bubble. As the 
bubble advanced through the oil, how
ever, tiny waves played along the lead
ing edge. Sometimes one of the waves 
grew large enough to upset the sta
ble curvature of the edge, and then 
the edge began to collapse. A collapse 
could also be initiated if the edge 
happened on a small bubble that was 
almost stationary. As the edge ap
proached the small bubble, the fluid 
pressure between them increased and 
could become large enough to initiate 
a collapse. 

If the collapse extended to the trail
ing edge of the top bubble, the bubble 
split into two parts. The collapse and 
splitting then marched through the 
rest of the stack, separating the bub
bles into two stacks. The larger stack 
experienced more buoyancy and rose 
faster than the smaller one. As the tail 
of the larger stack passed the head 
of the smaller one, the latter was en
trained and forced to join up at the tail 
of the larger stack. One time Maxwor
thy saw a stack in which the collapse 
and splitting began at the upper edge 
of the second bubble in the stack. The 
splitting moved down through the 
stack, but the two stacks it produced 
were held side by side because of 
their attachment to the unaffected top
most bubble. 

I went through my collection of flu
ids to see if I could generate bubble 
stacks, hoping also to see the tenden
cy toward splitting. Air bubbles in corn 
syrup, glycerin and several shampoos 
failed to form stacks. The bubbles did 
encroach on one another, but within 
seconds after two bubbles met, the 
thin membrane between them popped 
and the bubbles coalesced. 
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The formation of a trail 
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I had better luck with some other 
shampoos. The best was a product 
called Shower Gel, which consists of 
propylene glycol, glycerin and soluble 
collagen, along with several other in
gredients. The series of photographs 
on the preceding page shows how one 
stack behaved. The top bubble in the 
complex stack was initially unstable 
but then restabilized on the left side 
of the stack. Meanwhile, the instabili
ty passed to the second bubble, which 
collapsed and split. The bifurcation 
of the bubbles then traveled down 
through the stack until finally a stack 
of two bubbles remained on the right 
side. The longer stack on the left side 
then began to split at the top. As it 
rose, the short stack was pulled into 
its tail and finally underwent collapse 
and splitting. As I watched this play of 
bubbles in the partial darkness of the 
room, I thought of a band of trilobites 
playing a game of tag. 

Individual large bubbles also dis
played instability, sometimes collaps
ing without any visible provocation. 
At other times a collapse was initiated 
by a small bubble that a large bubble 
happened to meet during its ascent. 
Usually when a stack encountered a 
small bubble, the stack would push 
the bubble off to one side and slide 
past it. The small bubble would then 
force an indentation in the side of 
the stack closest to it. Occasionally 
the indentation was so extensive that 
the side of the stack collapsed, and its 
bubbles began to split. 

A stack tends to avoid small, ap
proximately stationary bubbles, but it 
is attracted to somewhat larger and 
more mobile bubbles. In several cases 
I watched a large stack deviate from 
its upward path to overtake individ
ual bubbles off to one side; the stack 
would actually pick up speed and 
chase after the other bubbles. During 
the chase some bubbles in the stack 
extended and thinned, their left and 
right sides becoming straight or even 
Sinking inward. 

To make the wakes of individual 
bubbles more apparent, I opened up 
the cell, squirted common food color
ing in a band across the Shower Gel 
and then refastened the cell. The pro
cedure introduced air bubbles in the 
cell. When they rose up through the 
food coloring, their wakes became vis
ible. When a bubble began in the clear 
gel, it left a clear trail as it passed 
through the colored region; when a 
bubble began in the colored region, 
it left a colored trail as it traveled 
through the clear region; the photo
graph at the left shows this effect. 
Usually the length of one of these 
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Some shapes of bubbles in glycerin and (right) in a shampoo 

trails was several times the diameter 
of the bubble that created it. 

I believe the trails are left by fluid 
that is slowly discharged from thin 
layers next to the bubble. Consider 
a vertical section that extends from 
plate to plate and through a bubble 
[see drawing on opposite page). The air 
in the bubble is separated from each 
plate by an intermediate layer of flu
id. The layers are so thin that during 
the bubble's ascent the fluid can pass 
through them only slowly. As fresh 
fluid enters the top part of each layer, 
the fluid in the bottom part of the 
layer is discharged below the bubble. 
Now consider a vertical section that 
is parallel to the plates and extends 
through the bubble. As the fluid pass
es the left and right sides of the as
cending bubble, it converges just be
low the bubble. The convergence com
presses the fluid that is discharged 
from the thin layers. 

Suppose that the bubble travels 
from the clear gel into the colored gel. 
The fluid coming around the left and 
right sides is then colored, but the 
gradual discharge from the thin layers 
remains clear for a while. The flow of 
colored gel into the region below the 
bubble compresses the discharge into 
a thin clear trail that lies along the 
path taken by the bubble. A similar 
story accounts for the colored trail a 
bubble leaves when it travels from 
colored gel into clear gel. 

Several investigators have found 
that an air bubble traveling through a 
viscous fluid can take on slightly dif
ferent shapes depending on circum
stances. The tug-of-war between sur
face tension, buoyancy and fluid pres
sure tends to keep a bubble circular or 
elliptical, but it can instead be flat
tened on both the leading and trailing 
edges or be shaped like a pear, with 
the leading edge noticeably wider than 
the trailing edge. The flat and pear 
shapes are typically seen when the cell 
is horizontal and the fluid is forced 
through it. 

Last year Anne R. Kopf-Sill and 

George M. Homsy of Stanford Uni
versity reviewed the theory behind 
these bubble shapes and added ob
servations of new shapes that were 
even curiouser. They found bubbles 
that had tails-some of them short 
and rounded and others much longer 
than the diameter of the main part of 
the bubble, with a small circle at the 
tip. Kopf-Sill and Homsy also were the 
first to sight a shape, which had been 
predicted from theory, in which the 
trailing edge is flat and the leading 
edge is slightly sunken. 

I tested the fluids in my collection, 
looking for the various shapes that 
had been reported. Very small bubbles 
in glycerin, pancake syrup, corn oil, 
Shower Gel and two other shampoos 
called Agree and Prell were circular. 
Somewhat larger bubbles were ellips
es whose long axis was vertical. 

In one case, working with Prell, I 
spotted what might have been an ex
ample of a bubble with a sunken lead
ing edge, but my attention had been 
focused on other bubbles at the time, 
and so I cannot be sure that the bub
ble had not simply been stretched to 
one side and distorted by a larger bub
ble that had passed it. Large bubbles 
in syrup, corn oil and glycerin often 
developed short tails once they got 
going. The tails were persistent but 
wiggled slightly. Strung across them 
was a faint border that seemed to com
plete the generally oval boundary of 
the bubble. 

I concentrated on the bubbles in 
glycerin. When one bubble overtook 
another, the membrane between them 
lasted only seconds before the air in 
the bubbles broke through. What re
mained in the breached region were 
shallow, curved ridges of glycerin that 
clung to both plates. As the newly 
formed bubble ascended, the ridges 
descended and their left and right 
ends distorted the bubble noticeably, 
rendering it pear-shaped. 

Sometimes a tiny spot of glycerin 
appeared inside a bubble. It may have 
been caught up on an imperfection 

in one of the plates, or it could have 
been clinging to some contamination 
in the cell. When the spot reached the 
lower edge of the bubble, it shoved 
the edge outward. As the tail of the 
bubble neared the height of the spot, 
the tail extended over to it, as if it were 
being wagged. 

Although I usually worked with the 
cell standing upright, I sometimes 
wanted to slow the ascent of the bub
bles by tilting the cell. To do so, I laid a 
large sheet of white paper on a table
top, placed the lower end of the cell on 
the paper and propped the upper end 
up on two boxes. I angled the lamp so 
that its light scattered from the paper 
up through the cell. The lower end of 
the cell was at the very edge of the 
table, and so I could still inject it with 
air with a syringe. 

If you build your own Hele-Shaw 
cell, you might test other viscous flu
ids such as honey, an ungelled gela
tin dessert or motor oils. (A warning 
about the particularly viscous motor 
oils: they not only make a mess but 
also are extremely difficult to clean 
out of the cell when you have finished 
with them.) If you cannot locate a sy
ringe for your work, you can entrap 
air bubbles in a fluid simply by lifting 
up the top plate and then clamping 
it down again before the fluid has a 
chance to level out. 
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COMPUTER 

RECREATIONS 
A Tinkertoy computer 

that plays tic-tac-toe 

Dl 
by A. K. Dewdney 

"I first had that experience [univer
sality of computation) before I went to 
school. There weren't any [computers) 
yet, but we had toy construction sets. 
One was called TinkerToy . . . .  What's 
strange is that those spools and sticks 
are enough to make anything." 

-MARVIN MINSKY, 
in preface to LogoWorks 

H
ow many of us remember Tin
kertoys, those down-home kits 
of colored wooden sticks and 

spools with holes in them? Amid our 
childhood constructions of towers or 
cranes, how many of us pondered the 
outer limits of the Tinkertoy world? 
Did we conceive of contraptions that 
reached the ceiling? Perhaps, but we 
lacked the kits or the time to make it 
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happen. Such a Tinkertoy fantasy took 
place several years ago when a student 
group from the Massachusetts Insti
tute of Technology constructed a com
puter entirely (well, almost entirely ) 
out of Tinkertoys! 

From a distance the Tinkertoy com
puter resembles a childhood fantasy 
gone wild or, as one of the group mem
bers remarked, a spool-and-stick ver
sion of the "space slab" from the mov
ie 2001: A Space Odyssey. Unlike the 
alien monolith, the computer plays a 
mean game of tic-tac-toe. A Tinkertoy 
framework called the read head clicks 
and clacks its way down the front 
of the monolith. At some point the 
clicking mysteriously stops; a "core 
piece" within the framework spins 
and then with a satisfying "kathunk" 

o 

x 

x 

x 

o 

o 

o 

Ox 

o x 

The first three levels of the tic-tac-toe game tree 
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indirectly kicks an "output duck," a 
bird-shaped construction. The output 
duck swings down from its perch so 
that its beak points at a number
which identifies the computer's next 
move in a game of tic-tac-toe. 

What precisely does the read head 
scan as it feels its way down the mon
olith? Nothing less than 48 rows of 
Tinkertoy "memory spindles" encod
ing all the critical combinations of 
X's and O's that might arise dur
ing a game [see illustration on opposite 
page). Each spindle is a sequence of 
smooth spools connected axially by 
sticks and arranged in nine groups of 
three each, one group for each square 
of the tic-tac-toe board. The presence 
or absence of spools from a group 
indicates that a corresponding square 
of the tic-tac-toe board is vacant or is 
occupied by an X or O. 

The Tinkertoy computer is not ful
ly automatic: a human operator must 
crank the read head up and down 
and must manage its input. After the 
computer's opponent makes a move, 
the operator walks to the front of the 
machine to adjust the core piece in
side the read head, registering the 
contestant's move. The operator then 
pulls on a string to cock the core piece 
for its impending whirl of recogni
tion. When it discovers a memory that 
matches the current state of the game, 
the core piece spins, and the computer 
indicates its move. 

The best way to understand how the 
machine works in detail is to recount 
the story of its creation at the hands 
of the M. LT. students: Erlyne Gee, Ed
ward Hardebeck, Daniel Hillis, Marga
ret Minsky and brothers Barry and 
Brian Silverman. Most of the group has 
long since graduated and entered var
ious computer professions. Perhaps 
the best-known team member is Hil
lis. He was the mOving force behind 
Thinking Machines, Inc., which pro
duces the well-known parallel super
computer called the Connection Ma
chine. ( Perhaps Tinkertoys have some
thing to teach us. ) 

In 1975, when Hillis and Brian Silver
man were in their sophomore year, 
they participated in a class project to 
build something digital from Tinker
toys. The students sat down to play. 
One made an inverter-a logic device 
that converts a binary 1 signal to a 0 
signal and conversely. Another made 
an OR gate; if either of the device's two 
input signals happened to be a 1, then 
its output would also be a 1. It quickly 
became clear to the students that Tin
kertoys were "computation universal," 
the theoretical term for a set of com
ponents from which a fully program-
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mabIe computer can be constructed. 
Theoretical possibility was one thing, 
the practical demands of money and 
time another. 

The demands were met in a rather 
roundabout manner through Hillis's 
interest in robots. From time to time 
he had mused openly about building 
a robot. Word of his idea somehow 
reached the ear of Harry Loucks, then 
director of the Mid-America Center in 
Hot Springs, Ark. Would the students 
like to construct a robot as a display 
in the center's museum? The students 
agreed in principle, but the project 
seemed too complicated. Just then 
the old Tinkertoy dream resurfaced. 
Would the center like a computer 
made out of Tinkertoys instead? 

Hillis and company set out to as
semble the first Tinkertoy computer 
in a laboratory at M.LT. The first mod
el, unlike its successor, was a bul
ky cube with sides about one meter 
long. It was impressively complicated. 
Packed with logic devices made entire� 

ly of wooden sticks and spools, the 
machine signaled its moves by waving 
nine flags from the top of the frame
work. The prototype Tinkertoy com
puter had to be taken apart for the trip 
to Hot Springs, and once it was reas
sembled on site, the machine never 
quite worked properly again. On the 
other hand, it did make an intriguing 
exhibit. ( It is currently on display at 
the Computer Museum in Boston. ) 

In 19 79 Loucks contacted the group 
again. Could they make a new Tinker
toy computer, one that worked? By 
this time Silverman was in Ottawa and 
Hillis in Boston, each pursuing a new 
career. Over the telephone Hillis and 
Silverman worked out an improved 
design. It was to be reliable, and that 
meant simple. They decided to lay out 
all the possible tic-tac-toe boards in 
a row and devise some kind of read
ing mechanism that would move from 
row to row until it found a pattern 
matching the current board. The very 
act of recognition could trigger a pre
set response. 

While Hillis contemplated ways to 
represent tic-tac-toe boards with digi
tal Tinkertoy components, Silverman 
analyzed the game. To appreciate the 
complexities involved even in this 
childhood pastime, readers might con
sult the game tree shown on the oppo
site page. In the middle of the tree sits 
the initial board, a three-by-three grid 
empty of X's and O's. From this initial 
board nine new ones can arise, de
pending on which of the nine squares 
X plays. The figure shows just three 
possibilities; the remammg six are 
rotated versions. Each of the three The Tinkertoy computer: ready for a game of tic-tac-toe 
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boards at the second level gives rise 
to other cases. For example, the board 
in which X plays the center square 
and then another square results in 
two different boards. The other two 
boards at the second level each gener
ate five new boards at the third level. 

I pruned many branches from the 
tic-tac-toe tree by appealing to a sym
metry argument: the excluded boards 
are merely rotations or reflections of 
the included ones. Symmetry seems 
simple to humans, but a computer 
must be programmed or wired to rec
ognize it. In a world of Tinkertoy engi· 
neering, symmetry operations would 
require elaborate structures. 

Silverman was dealing with a tree, 
therefore, that was many times larger 
than the fragment shown in the illus· 
tration. But perseverance paid off, es· 
pecially when Silverman employed a 
computer program that analyzed the 
game of tic-tac-toe and discovered 
that a great many boards could be col
lapsed into one by a forced move. Sop
pose, for example, that two squares 
in a row contain O's and the third is 
blank. The contents of the remaining 
two rows are irrelevant since an oppo
nent must fill the third square with an 
X or lose the game. 

Silverman was delighted when he 
tallied up the final total of relevant 
boards: only 48. For each of them he 
noted the appropriate move by the 
machine. The surprisingly short list of 
possible board positions heartened 
Hillis. The group converged on Hot 
Springs, Silverman says, "with the list 
of 48 patterns and only a vague idea of 
how to interpret them mechanically." 

(Readers who have a fanatical 
bent-or are stranded in airline ter
minals-may enjoy working out the 
game tree on a few sheets of paper. 
How long does it take, after all, to draw 
48 tic-tac·toe patterns? Four symbols 
should help sort things out: X, 0, 
blank and a dash for "don't care.") 

Once settled in Hot Springs, the 
team assembled the raw material for 

o 

BLANK 

BLANK BLANK 

X BLANK 

their spool-and-stick odyssey: 30 box
es of Tinkertoys, each containing 250 
pieces. Some team members put to
gether the supporting framework that 
would hold all 48 memory spindles. 
To explain precisely how the spindles 
were made, I must digress for a mo
ment and describe the conventions 
employed by the team to encode tic
tac-toe positions. 

First, the squares of a tic-tac-toe 
board were numbered as follows: 

123 
456 
7 89 

Then a memory spindle was divid
ed conceptually into nine consecutive 
lengths in which information about 
the status of each tic·tac-toe square 
was stored from left to right. 

Each length was further subdivided 
into three equal sections, one for each 
possible item one might find in a 
square: an X, an 0 or a blank. Each 
possibility was encoded by the lack of 
a spool. For example, if an Xhappened 
to occupy a certain square, the memo· 
ry spindle would have no spool in the 
first position, one spool in the second 
and one spool in the third. Similarly, a 
spool missing in the second position 
denoted an unplayed square, and one 
missing in the third position symbo· 
lized an O. Finally, if all three spools 
were missing, it meant that what occu
pied the square was irrelevant. 

One can hardly mention the subject 
of memory spindles without bringing 
up the core piece, a thing of digital 
beauty. Here the Latin digitus came 
into its own, the construction resem
bling a kind of rotating claw with nine 
fingers. The core piece and a sample 
memory spindle are shown in the il
lustration below. 

The core piece consisted of nine 
equal sections. Each had its own fin
ger, a short stick protruding from the 
rim of a sliding spool. Within each 
section the finger could be moved 

MEMORY SPINDLE 
X : X : 

I I 

I 

o 

o : X : BLANK 
CORE PIECE 

along the axis of the core piece into 
any of three possible positions: one 
for X, one for 0 and one for blank. The 
core piece could therefore store any 
possible tic-tac-toe board by virtue of 
the positions of its nine fingers as 
moved by the operator for each play 
by human or machine. In the illustra
tion below, fingers in the consecutive 
positions 2, 1, 2, 3, 1, 2, 2, 2, 2 would 
represent the board shown. 

If the current situation of play is 
stored in the core piece, does the 
Tinkertoy computer require any other 
memory? Could spool-and-stick log
ic devices be strung together to cog
itate on the position and ultimately 
to signal a move? Well, yes-but such 
a Tinkertoy computer would be com
plicated and immense. The memory 
spindles eliminated the need for most 
of the computer's cogitation. All the 
Tinkertoy computer had to do was to 
look up the current board in the mem
ory spindles. The only purpose of the 
search, naturally, was to decide what 
move to make. 

A glance at the illustration on the 
preceding page makes it clear that 
each memory spindle was accompa
nied by a number written on a paper 
strip hanging next to its output duck. 
These numbers were the machine's 
responses. As the read head clicks 
down the rows of spindles, the core 
piece wants to turn but cannot as long 
as at least one memory-spindle spool 
blocks one of the core piece's nine 
fingers. Only when the read head falls 
adjacent to the spindle that matches 
the current board do all nine fingers 
miss. Then the core piece whirls. 

By a mechanism that would do Rube 
Goldberg proud, a stick protruding 
from the end of the core piece engages 
another stick connected to the output 
duck. The spinning core piece thus 
kicks the duck off its perch to peck at 
a number writ large on the paper strip. 

Computer purists will ask whether 
the Tinkertoy contraption really de
serves the title "computer." It is not, to 

BLANK BLANK BLANK 

BLANK BLANK BLANK 

A memory spindle, which encodes the X's and O's of a tic·tac·toe board, prevents the 
core piece from turning 
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be sure, programmable in the usual 
sense: one cannot sit at a keyboard 
and type in a program for it to follow. 
On the other hand, one could certainly 
change the memory spindles, albeit 
with some difficulty, and thus repro
gram the computer for other games. 
Imagine a Tinkertoy device that plays 
go-moku narabe (a game played on an 
II-by-ll board in which one player 
tries to place five black stones in a row 
while preventing an opponent from 
creating a row of five white stones). A 
Tinkertoy computer programmed for 
go-moku narabe, however, would prob
ably tower into the stratosphere. 

The real lesson the Tinkertoy com
puter can teach us resides in a rather 
amazing feature of digital computa
tion: at the very root of a computation 
lies merely an essential flow of infor
mation. The computer hardware itself 
can take on many forms and designs. 
One could build perfectly accurate 
computers not only of Tinkertoys but 
also of bamboo poles, ropes and puT
leys [see "Computer Recreations," SCI
ENTIFIC AMERICAN, April, 19 8 8 l, plas
tic tubes and water-even, strange to 
think, electrical components. The last
named are preferred, of course, be
cause of their speed. It would be short
sighted indeed to sneer at a computer 
made of Tinkertoys merely because it 
is not electronic. After all, even elec
trons and wires may not be the best 
materials for quick computer process
ing. Photons and fibers are gaining on 
them fast. 

Actually, Tinkertoys are well suited 
to digital computing. For example, the 
memory spindles use a binary princi
ple: the presence or absence of spools 
denotes the status of a particular 
square on a tic-tac-toe board. The core 
piece exhibits digital logic: it can turn 
only if all its fingers miss correspond
ing spools on a memory spindle. Such 
an operation is called "and." One can 
trace the logic for the core piece in the 
illustration on the opposite page: if 
the first spool is absent from the first 
section of the memory spindle and the 
second spool is absent from the sec
ond section and the third spool is ab
sent from the third section and so 
on-only if all nine conditions are 
met will the core piece turn. The beau
ty of the Tinkertoy computer is not 
just its dever mechanics but its sub
tle logic. 

Tinkertoy purists will be happy to 
know that the M.I.T. students stuck to 
the original wooden sticks and spools 
with only a few exceptions. An occa
sional aluminum rod runs through the 
framework to strengthen it. Two wire 
cables, an axle and a crank transmit 

Edward Hardebeck helps to assemble the Tinkertoy computer 

motive power to the awesome ma
chine for its next move. Finally, the 
very joints of sticks and spools were 
made firm by glue and escutcheon 
pins-pieces of hardware that com
monly hold commemorative plaques 
in place. The team inserted the pins 
in holes drilled through the rim of 
the spool down to the original, central 
hole and through its stick-a task they 
had to repeat more than 1,000 times. 
(When Hillis walked into a hardware 
store to obtain several thousand es
cutcheon pins, the manager looked 
bewildered. "We have," Hillis said with 
a straight face, "a lot of escutcheons.") 

The Tinkertoy tic-tac-toe computer 
suffered the fate of most museum 
exhibits. It was taken apart and crat
ed. It sits in storage at the Mid-Amer
ica Center, waiting to reemerge, per
haps, into the limelight. It may yet 
dick its way to victory after victory, 
a monument to the Tinkertoy dreams 
of childhood. 

W 
ell into my sixth year of 
"Computer Recreations," I 
am as painfully aware as ever 

that there are many things the depart
ment cannot do. It cannot, for exam
ple, teach readers how to program, nor 
can it mention the hundreds of fasci
nating programs and the many com
puter stories and ideas that readers 

send in, given the limitations of space 
and time. It took six years to discov
er a remedy to these and other needs: 
a newsletter. Its name is Algorithm: 
The Personal Programming Newsletter, 
and the first issue is now available. 

The newsletter will appear bimonth
ly. It seeks to pack a lot of information 
between its covers. In particular it will 
have two columns for people who like 
to program. One will be for beginners 
and the other for more experienced 
practitioners. A "bulletin board" at the 
back of the newsletter will make some 
of the world's underground programs 
public for the first time. Letters, state
of-the-art-ides and speculative pieces 
will aim to lead the mind into unex
plored territory. I shall be delighted to 
send a free sample of the first issue to 
anyone who writes to me in care of 
Scientific American. 

FURTHER READING 
CHARLES BABBAGE: ON THE PRINCIPLES 

AND DEVELOPMENT OF THE CALCULATOR 
AND OTHER SEMINAL WRITINGS. Charles 
Babbage et a\. Edited by Philip Morrison 
and Emily Morrison. Dover Publica
tions, 1961. 

OPTICAL COMPUTING. Special issue edit
ed by Sing H. Lee and Ravindra A .  
Athale i n  Optical Engineering, Vo\. 28, 
No.4; April, 1989. 
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BOOKS 
Aeries at the edge, noisy signals, 

domestic science, fleshing out the bones 

by Philip Morrison 

OSPREYS: A NATURAL AND UNNATU

RAL HISTORY, by Alan F. Poole. Cam
bridge University Press, 1989 ($2 7.95). 

It is a "highblue summer day" in the 
salt marsh. The white-breasted hawk 
perched above the big pile of sticks 
that is her nest whistles again and 
again that slow guard call. Soon the 
smaller male flies in, lugging the half
pound fish he has just snatched from 
the shallows nearby. The two ospreys, 
mated for life, are fondly rearing this 
year's three downy young. 

These hawks, only slightly modified 
for fishing the surface waters, are ph
haps the best-known birds of prey. 
"live fish have comprised over 99 per
cent of the diet" of every osprey popu
lation that has so far been studied. 
Ospreys therefore rarely nest more 
than a couple of miles from the wa
ter's edge. They hunt on the wing, 
usually from a slow, circling, scanning 
flight that ends in a precipitate plunge, 
razor talons first-a near free-fall sub
tly guided by wing and tail. Divebomb
ers, they cannot follow finny prey into 
the depths; they hold sway over only 
the uppermost yard of water. The 
birds thrive best in a shallow-water 
habitat, whether freshwater lagoons, 
salty bays, estuaries or lonely islets of 
lake and sea. Theirs is clearly the ecol
ogy of the edge. 

Indeed, ospreys dwell on two mar
gins at once. One edge is the physical 
frontier between water and land; the 
other is the changing boundary be
tween wildlands and the territory un
der immediate human dominion. In 
Victorian Scotland the most famous 
place to see ospreys (and to rob their 
nests!) was archetypical: an aerie atop 
an abandoned castle ruin beside the 
dark and silent Loch an Eilein. For 
today's ospreys, photographs docu
ment a range of environments. One 
nest is atop a light tower in a busy 
urban parking lot along the Connecti
cut coast; four other nests are on suc
cessive tall steel pylons of one power 
highline that crosses the lake district 

of northern Germany. This indepen
dent fish hawk, although never tamed 
to falconer's hood or hand, is superbly 
adaptable. 

"Few birds are more cosmopolitan." 
They are present on every continent 
save Antarctica. They nest from Swed
ish lakes to the coral islands of the 
Great Barrier Reef. They winter in the 
tropics but hardly ever nest there (ex
cept for Mexico, Belize and the north
ern coasts of Australia). Dr. Poole esti
mates the world population by region: 
a total of 30,000 pairs. Two thirds of 
these birds breed in North America, 
most of them along the myriad inland 
waters that in summer spangle the 
forests stretching from western Alas
ka to the Atlantic coast of Canada. 

Fish cannot be caught easily in fro
zen waters, and every winter north
ern populations of ospreys migrate to 
the tropics. Decades of bird banding 
and recovery (the "easy" banding of 
these sinewy, fierce birds is described 
here-something of a tour de force) 
eventually disclosed their routes down 
the meridians to the wet tropics. From 
Scandinavia they migrate to the man
groves and rain forests of West .Afri
ca, aloft for one 50- hour leg above the 
fishless Sahara. From the eastern Unit
ed States they overfly the Caribbean, 
with one island stopover, to the rain
forest rivers of northern Colombia 
and Venezuela. 

Osprey life is easier under the tropi
cal sun, according to energy budgets 
measured for breeding birds and for 
wintering birds. During a Massachu
setts spring and summer the average 
male bird fed himself, his mate and 
three young. He caught six or eight 
fish a day. He spent about 60 percent 
of his share of the total energy intake 
on hunting and flying-more than 
three hours of hunting time per day. 
In Senegal a carefree bird, wintering 
alone, caught a couple of fish a day. 
Half an hour on the wing met daily 
caloric requirements. Yet ospreys do 
not breed anywhere in those hospita-
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ble wintering grounds. Apparently the 
numerous migrant ospreys somehow 
exclude any resident breeders; we do 
not know how. 

But we know a good deal about 
ospreys, a knowledge gained from cri
sis. Two case histories are present
ed in detail. like all the British birds 
of prey, the ospreys of Scotland were 
in steady decline over centuries from 
hunting and nest-site destruction, 
even though-being fish hawks-they 
threatened no farmer's flocks; it was 
guilt by association. By the mid-19th 
century the very fact that the striking 
birds were so rare had, in itself, begun 
to accelerate their demise. Keen natu
ralists collected osprey skins and eggs 
for sale as specimens; after the fall, 
one of those men wrote ruefully, '''I 
am afraid that Mr St John, yourself, 
and your humble servant, have finally 
done for the Ospreys.''' 

The last Scottish nest was found in 
1916. The Scandinavians increased the 
protection of their birds, and in the 
1950's a few nesting pairs, probably 
emigrants from the Swedish popula
tion, were once again observed in Scot
land. This time the contrite naturalists 
took a new stance. In 1981 the mil
lionth osprey-watcher was ceremoni
ally made welcome to the observation 
blind in the preserve that had been 
established around the nest of the 
first returnees; ospreys have become a 
Highlands tourist attraction, and the 
osprey population is growing fast. 

The second case history ran its si
lent course along the coastal waters 
between New York and Boston. In the 
1930's about 1,000 nesting pairs were 
counted there. We lack such data for a 
century earlier, but a plausible figure 
might be twice that; the larger Ameri
can numbers absorbed the losses to 
hunters that extinguished the British 
birds. Around the salt marshes near 
the mouth of the Connecticut Riv
er, a kind of protected concentration 
grew up. It was noticed that nested os
preys drove away the hawks that took 
barnyard chickens, and so farmers of
ten set up an old cartwheel on a pole 
as a nesting platform to attract the 
protectors. 

Then in 1957 a Yale graduate stu
dent, Peter Ames, began to survey the 
mouth of the Connecticut again. He 
soon saw a catastrophic decline in 
osprey number, at the rate of 30 per
cent a year. At first predation was 
blamed, for in the marshes the birds 
nested on the flat ground. Protected 
nests safe from raccoons were built 
for the birds, but the decline contin
ued. A series of studies, involving 
chemical analysis and control trans-
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fers of nestlings from less contami
nated sites, showed that it was DDT 
that had reduced reproductive suc
cess for the osprey. The salt marshes 
had been heavily sprayed against the 
mosquito; the fish were badly contam
inated, the birds still more. 

British research first drew the con
nection between the pesticidal or
ganochlorines and raptor eggshell 
thickness. A Swedish comparison of 
old museum eggshells with those col
lected by the early 19 70's makes the 
statistical case eloquently. As shells 
thin by some IS to 20 percent, osprey 
populations decline sharply: the frag
ile eggs break during incubation. ( By 
now even the enzyme whose loss de
pleted the shell wall is known.) Sudden 
population drops occur because the 
shell thickness is most sensitive to the 
first five or 10 parts per million of the 
metabolic product of DDT; heavier 
doses make less difference. Now DDT 
use is banned in the U.S., and the 
ospreys seem to face little threat from 
dieldrin, PCB's, mercury or acid rain. 

The ospreys nesting along the New 
England coastline now double in num
ber every six or seven years; they are 
all but dooryard birds, nurtured by 
plentiful fish and by the provision 
of safe nesting platforms-many on 
buoys, pilings and poles and many 
more on specially built yard-wide plat
forms, the "ultimate birdhouse." Os
prey nesting poles are in high demand 
among those humans who, like the 
osprey, enjoy summer residence on 
the New England shore but winter by 
choice in warmer places. On Martha's 
Vineyard there are now 45 active nests 
within sight of house, road or busy 
harbor-more osprey nests on that 
small island than in the wild lochs and 
streams of all of Scotland. 

"It is this adaptability that defines 
the species." The ospreys of New 
England were sensitive indicators of 
pesticide contamination, although not 
of the intensity of economic develop
ment. Their tolerance to human settle
ment put them at grave risk, but the 
visibility that came from that very 
proximity saved them. The links of 
human concern and scientific study 
were essential: in saving the osprey, 
we had helped to secure our own ten
ure. An even wider adaptability-rea
son-defines Homo sapiens; given a 
chance, it will save us as well. Ospreys 
worldwide rightly share. 

The author, IS years a student of 
ospreys, tells his definitive story in 
engaging language, with the help of 
line drawings by Margaret LaFarge. He 
takes particular care to cite and clar
ify the evidence for just about ev-

ery statement-a compelling style, the 
model of scientific exposition and ab
sent in too many natural histories. 

IMAGES OF THE ICE AGE, by Paul G. 
Bahn and Jean Vertut. Facts on File, 
Inc., 1988 ($35.00). 

At once an enigma and a joy, the 
Franco-Cantabrian art of the Paleolith
ic, large and small, has gripped the 
imaginations of scholars and visitors 
alike over a full century. This striking 
new volume brings a reader into direct 
and critical contact with the work and 
thought of four men who have pon
dered over that expressive past. 

The book opens with a brief fore
word that introduces as persons the 
two authors of the work; it is by Count 
Robert Begouen. Under his family 
lands lie decorated caves sealed by 
nature until they were visited in 1912 
for the first time since the Paleolithic. 
The caves (one is linked underground 
with the huge cavern system of the 
Volp) have been lovingly and rigorous
ly preserved ever since. The whole 
context there is safe: not only are the 
unmatched sculptures in place, but 
so too are the footprints of children, 
the discarded flint tools, the cave
bear jaws picked up long ago to re
move the prized canines and thrown 
down again. 

The book closes with an appendix 
by Alexander Marschack, the origina
tor of microscopic techniques for the 
study of Paleolithic markings, who 
surveys the methods and approach of 
his friend the brilliant engineer Jean 
Vertut, long the best-known photogra
pher of cave art. It was Vertut who 
made most of the new photographs 
for the definitive survey published by 
Andre Leroi-Gourhan in 19 71. Vertut's 
untimely death in 1985 kept from us 
his choices and his comment on a 
hundred of his remarkable pictures in 
color presented here. 

Paul Bahn, a tireless young English 
archaeologist, has written the eight 
chapters in between. They are a histo
ry and an up-to-date summary: flow
ing, logically acute, candid and un
failingly close to the evidence. They 
will set any reader into the midst of 
what we know (a lot) and what we do 
not know (even more) about the 2 75 
decorated European sites and the 
thousands of portable objects that so 
beguilingly encode "our most direct 
contact with the beliefs and preoccu
pations of our ancestors." 

How old is the art? It is hard to date 
wall markings. The slow growth of 
encrustations of calcite is not uni
form, even within a single cave; such 
a translucent covering (of which the 

frontispiece shows a superb example) 
guarantees against historic fraud but 
provides dates only qualitatively. We 
have some carbon dates for mobile 
objects but not for the older finds, 
most of them. Style has been used to 
construct chronologies, as has the tal
ly of extinct species of animals depict
ed; Bahn musters examples to indicate 
just how uncertain and subjective 
such schemes can be. In Altamira simi
lar engraved deer heads are found on 
the walls and on carbon-dated bones; 
they fix a date of 13,550 B.C. 

We can assign the art overall to the 
long stretch of human prehistory be
tween about 35,000 and about 10,000 
B.C. Famed Lascaux is dated to some 
15,000 B.C. by charcoal found in the 
floor layers-rather like "dating a 
church by analysing the residue from 
its candles!" In any case that celebrat
ed cave is not the "dawn of art" but lies 
plainly at least halfway along the time 
line of art (up either to the Sphinx or 
to Andy Warhol-which suggests the 
dating uncertainties). 

Is this art uniq\le to the region on 
either side of the Pyrenees? As a mat
ter of fact it is worldwide. Even in the 
New World there are claims of dated 
and decorated artifacts in Mexico and 
in Brazil, some 10 to 20 millenniums 
old. Better authentication goes with 
certain colored drawings of figures of 
a rhinoceros and zebras from Namib
ia. Now Australia has begun to fill up 
the Paleolithic map: rich concentra
tions of cave engravings have been 
newly found (in South Australian pits 
with surface openings, their locations 
not made public for reasons of protec
tion). These are not figurative but are 
finger markings, with circles and loz
enges in profusion. Radiometric dat
ing is in progress on the carbonate 
layers that bear these engravings; it 
looks as though they cannot be young
er than 15,000 or 20,000 years. There 
is no puzzle here; all the decorations 
claimed are the work of our own peo
ple, our single sapient species. 

If time and place hold such doubts, 
can we read the messages them
selves? The record is gloomy. The 
scholars are Robinsons seeing their 
own footprints every Friday. Hunting 
magic? The clay bear of Montespan 
was seen as "killed" by spear holes 
stuck into it while the hunters danced 
around the anticipated prey. But the 
ceiling is low, the wall a meter away 
and the holes only the natural texture 
of the clay. Fertility magic and sex? 
Pregnant animals are identified from 
profile views, even though veterinari
ans cannot do that today. Certain little 
ivory carvings have long been held to 
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be female figurines with exaggerated 
breasts or buttocks. Feminist scholars 
now see them as male genitalia: noisy 
signals! 

Very few of the famous "Venuses" 
have any known context; we have al
most 150 of them, only a few usually 
reproduced. Most may be much older 
than the big paintings. They hold no 
clue tb race, nor are they in the main of 
unusual proportions. A "macho preoc
cupation with hunting and girls" now 
appears mere scholarly fashion. Marks 
and tallies are seen as part of a com
plex system, not idle doodlings, just 
as the placement of animal figures 
is held to be more systematic than 
random. But elaborated information
al interpretations would seem to owe 
more to the computer age than to the 
Paleolithic. Shamanistic trance, initia
tion of the young, mnemonics and 
records of seasons, cosmology, group 
boundaries: proposals abound, and 
many an ingenious association cer-
tainly holds some truth. I 

There are messages to be read, com
plex and varied, sent over a wide span 
of purpose, time and place-but we do 
not know how to read them. Without 
informants, what can we expect? Mod
esty is the best stance for interpreters, 
and we are learning much. We can give 
a few exciting answers, by no means to 
everything. Look at the two small clay 
bison lying on their sides in Tuc d'Au
doubert. We know the artist did not 
live in the dark where the work was 
done; only three or four people came 
and went with lamps to the dark 
chamber. The marks of hand and the 
simple tools of the sculptor are plain, 
and the fingerprinted clay "sausages" 
around them are the sculptor'S dis
carded tests of the damp clay brought 
from the next room. "Opposite the 
bison we found the only engrav
ing . . .  like a Signature," said Vertut. 
Our empathy for so manifest a conti
nuity of human skills and aspiration 
transcends hypothesis. 

ON FOOD AND COOKING: THE SCI

ENCE AND LORE OF THE KITCHEN, by 
Harold McGee. Collier Books, Macmil
lan Publishing Company, 1984 (paper
bound, $16.95). 

Many of us cook, and all of us eat. 
Diners who seek a subtler nourish
ment from the rich and surprising 
order that lies within cooking will 
find reward on just about every page 
of this thick, hugely informed, light
hearted and sensible book. It treats 
the nature and technology of all 
our principal foodstuffs, arranged in 
10 chapters, from milk and cheese 
to chocolate and distilled spirits. It 

closes with the elements of diges
tive physiology and a summary of the 
physicochemical prinCiples of cook
ery, organized around the key topic of 
heat transfer through air, water or oil 
to the food. Along the discursive way 
you embark on the history of ideas, 
peruse economic botany and the soci
ology of plantation crops, scan a run 
of outlandish and instructive recipes 
cited from the deep past ( "Said Cato, 
'The cabbage surpasses all other vege
tables''' ) and move on to the worries 
of food additives and fads. 

Novel illustrations display the mi
crostructure of those domestic com
posites bread, butter and ice cream 
down to the level of the electron mi
croscope. A vast but specialized litera
ture supports the subject of food; af
ter all, it is a major part of the world's 
economic activity. The speCialized col
umns and journals retail food lore 
widely, but Harold McGee opens it up 
at depth, something of the whole sys
tem in one satisfying volume, the com
plexity accessible because it is close to 
what we see and spoon up and con
verse about daily. He ends with a few 
pages on the invisible-atoms, mol
ecules and energy-to aid readers 
whose recollections of those concepts 
have faded; the primer is very well 
done (save for a few awry lines on 
proton-electron interactions). 

There are many tables of properties 
of foods and simple flowcharts-not 
recipes, but explications-that pre
sent the main steps in the arts of 
making cheese, soy sauce, bean curd, 
chocolate, beer and wine. All of these 
are in context, each made part of an 
illuminating historical survey. Choco
late to eat-the name is Nahuatl, and 
today's crop is largely West African
is good for soldiers, wrote a 17th
century author, for it "makes Men to 
wake all night-long." Chocolate be
came a sweetmeat only with the ad
vanced processing and the abundant 
sugar that came in the 19th century. 

Soybean, now the largest Ameri
can cash crop, used worldwide as 
feed and fodder, has long provided 
the cheese of China, soybean curd. For 
dairy cheeses, the proteins of bacte
ria-soured milk and some of its but
terfat are coagulated with the enzyme 
rennin, extracted from the true stom
ach of a calf. But the soluble proteins 
of the filtered milk of the soybean are 
precipitated out by calcium sulfate, so 
that "all the Mass is as white as the 
very Snow . . . .  Alone it is insipid, but 
very good dress'd as I say," to cite a 
traveling friar of the 17th century. 

Only occasionally does the domestic 
art respond to the assertions of sci-
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ence. Consider the rise of the idea that 
the searing of meat before roasting it 
is necessary to retain juices and nutri
tion. It was the eminent chemist Jus
tus von Liebig who made the prac
tice common, at least in England and 
America, within 10 years after his re
search on muscle chemistry appeared 
in about 1850. He was a genuinely 
important chemist, but here he was all 
wrong. The juices of meat are in fact 
not lost in roasting, and the crust that 
forms on searing is not waterproof; 
even a long-boiled cut still holds most 
of its protein. But the Victorian cook
books had found a modern rationale, 
true or false, and for most of a centu
ry, from decades before Fannie Farmer 
on past Escoffier, the books adhered 
to Liebig's plausible principle. 

A few old cooks grumbled at the 
new way, but it was not until the 
1930's that measurements showed 
that unseared meat lost less fluid than 
seared samples. For a generation the 
new (and also old) low-temperature 
method of roasting was certified as 
the method of choice. It did not last. 
By the 19 70's initial searing was back 
in the popular cookbooks. Now the 
rationale had changed. "Searing does 
not seal, but it does brown." Browning 
unmistakably adds flavor (witness the 
hybrid microwave oven), and chefs 
now reasonably divide on a more deli
cate issue: whether to brown the roast 
first or last. Liebig's once-famous Ex
tract-prepared from the waters to 
which long-boiled meat had, they said, 
given up its proteins-might make a 
fair soup, but its nutritive strength 
was long exaggerated. Liebig's untest
ed model-a visible sealing layer able 
to retain decisive juices-was persua
sive to the mind but ineffective to the 
roast, like many another received the
ory far from the kitchen. 

One bitter taste from this feast of 
understanding: many plants contain 
an unstable sugar-cyanide complex. 
All the seeds of the rose family-ap
ple, pear and citrus, as well as peach 
and the other stone fruits-share the 
substance. A single seed is no problem 
(avoid them as a rule), although people 
have died from roasting and eating a 
few dozen apple seeds. The news here 
is that the homely lima bean too can 
have plenty of cyanide complex! Only 
the safest varieties are grown in the 
U.S., but in Java and in Burma lima 
beans demand skillful preparation. 

DYNAMICS OF DINOSAURS AND OTH

ER ExTINCT GIANTS, by R. McNeill 
Alexander. Columbia University Press, 
1989 ($30.00). 

Can those dry bones live? Profes-
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d sor Alexander, a biomechanicist at 
the University of Leeds, strings them 
together so that they lumber or ca
vort away before your mind's eye
they even sing. About all he needs 
is a little algebra, a few plastic mod
els, a time recalled when once he 
chased antelope and giraffe across the 
grassy plains of Kenya and a finely 
tuned and contagious sense for apt 
physical approximation. He has put 
these simple but far from naive ar
guments into a wonderful little book 
that is "meant for everyone . . .  scien
tists and nonscientists, schoolchil
dren and professors." 

His broad method is the compara
tive engineering of large organisms, 
seen in the light of the physical neces
sities that link structure to function 
and of the style of design by evolution. 
The reader's pleasure and instruction 
spring from the directness of the 
work. Want to weigh dinosaurs? Buy 
from the great museum in London 
their plastic models made at a scale of 
1 : 40. It is prudent to check dimen
sions; those commercial models in
deed fit the best-known fossil skele
tons species by species. Dinosaur vol
ume is found by weighing the models 
in and out of water. 

Just how dense were the dinosaurs 
in life? A British zoologist measured 
the density of nine dead Nile croco
diles; those crocs are about as large as 
modern reptiles come, and they are 
close relatives to the old giants. The 
dead beasts turned out to be 8 percent 
denser than water. Living crocodiles 
are seen both to float with all but the 
nostrils submerged and to lie quite 
still on the river bottom. Plainly, they 
can adjust their overall density by fill
ing or deflating their lungs. It seems 
right, then, to assign to live dinosaurs 
the density of water. A generation ago 
another researcher did much the same 
work using his own plaster models. A 
table compares the results for 10 spe
cies: chunky Triceratops weighed in at 
six tons for Alexander and at nine tons 
for Edwin H. Colbert; their estimates 
for the long-necked Brachiosaurus
largest of the dinosaurs known from 
a nearly complete skeleton-were 87 
and 47 tons, respectively. 

This method depends on the uncon
trolled judgment of the modeler who 
had to flesh out the bare bones. An
other estimate has been tried recent
ly by an international trio of zoologists, 
who measured the circumferences of 
the femur shafts of many modern qua
drupedal mammals, from mice to ele
phants, with body weights recorded in 
life. (In fact, they used the main bones 
of all four legs.) The correlation is 

pretty tight: a fine power law, or a 
good straight line on a log-log plot. 
(You can use the right button on your 
calculator to take the 2.73 power 
needed, the author reminds us.) And 
yet the fit is not perfect: testing it for 
hippopotamus and elephant treated 
as unknowns, we miss either way by a 
factor of about 1.5 or 1.6. The estimate 
for Brachiosaurus is only 32 tons. Here 
there are no modeler's errors; how
ever, the comparisons-made to crea
tures that are not very like the dinos
are based on only a few major bones 
for each. We have a consistent result, 
but only a rough one, for this simplest 
descriptor. 

By just such means we arrive at the 
gait and speed of dinosaurs from their 
footprints, at their strengths of limb 
and back, at the posture and uses of 
their long necks and tails (the running 
bipeds had stiff, balanced tails that 
were never dragged), at their use of 
horns for ritual combat and of bony 
passages on the crests of the skull as 
resonant chambers employed in the 
calls and songs of courtship. More 
physics is needed to analyze motions, 
of course, but it remains close to 
everyday experience; the evolution
ary arguments drawn on are equally 
straightforward. 

These insights fall short of answer
ing the question of whether the big old 
reptiles maintained their body tem
perature by metabolic heat or only by 
basking in the sun. The physics of heat 
transfer is now salient, and Professor 
Alexander shows us a cooling curve he 
made for a baked potato fresh from 
the oven. But the answer evades him 
still; so far physics is inconclusive and 
the predator-prey populations are too 
uncertain to make clear whether the 
carnivores were as few as a hot-blood
ed state would have required. "One 
thought that I find startling": if dino
saur energies were reptilelike and not 
mammalian, and if plants grew as well 
and rapidly then as now, dinosaurs 
could have been as numerous, weight 
for weight, as mammals of one fifth 
their mass are in modern populations. 
Think of the East African plains. In 
such a landscape imagine "for every 
3-tonne elephant a IS-tonne Dip/odo
cus . . . .  The world may have seemed 
very full of dinosaurs." 

It is pretty full of books about them 
now, but this one is irresistible for its 
simple and compelling demonstration 
of the unity of the natural sciences. If 
you would like to know about aquatic 
and flying reptiles or about the fat 
Madagascar bird with elephant's feet 
and massive eggs, you will have to 
read the book. 
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ESSAY 
The sorry state 

of science education 

by P. Roy Vagelos 

A
l of us who remember Sputnik 
also remember being jolted out 

of complacency. We learned 
that the U.S. was technologically un
prepared for the space age. Conse
quently, the Soviet space coup set in 
motion a major reappraisal of Ameri
can education and imparted a new 
urgency to training for careers in sci
ence and engineering. 

Now, three decades later, America 
finds itself lulled again. In spite of 
having universities and research in
stitutions that remain the envy of 
the world, the U.S. is clearly failing to 
make its young people literate in sci
ence and mathematics; the education
al system is not even awakening their 
interest in these fields. It is time to 
ask whether the system can respond 
to the challenge of maintaining this 
country's technological leadership. 

As a physician and biochemist, 
heading a company that has been able 
to discover and introduce a series of 
important new medicines, I am con
cerned about the effect the decline of 
U.S. scientific education must have on 
the health of Americans and indeed of 
people throughout the world. Of the 
medicines introduced to the American 
market between 1940 and 1987, 62 
percent originated in this country. If 
U.S. innovation flags, the remarkable 
progress against disease that has con
tinued for half a century is likely to 
slow as well. 

The effect of educational failure will 
be felt in other high-technology indus
tries as well. In the global competition 
of the future they too will need work
ers equipped with a basic scientific 
and mathematical education. Scientifi
cally literate managers will be corre
spondingly important. 

In a democratic society the resolu
tion of policy questions also demands 
scientific knowledge. And so it is dis
turbing that the men and women who 
will be the country's leaders in the 
21st century are not being equipped 
to think intelligently about the envi-

ronment, energy, space, defense and 
biotechnology. Equally disturbing, the 
vast majority of our population is fail
ing to receive the kind of education 
that would ensure wider public under
standing of, and support for, techno
logical progress. Without such sup
port, in a democracy even the best 
leadership will be powerless. 

Although the list of troubles is al
ready distressingly long, another must 
be added: the career scientists and 
engineers needed by universities and 
industry are not being trained in suffi
cient numbers. The past decade has 
witnessed a decline in the proportion 
of our students majoring in the sci
ences and engineering or receiving ad
vanced degrees in those fields. Only 
seven out of every 1,000 U.S. students 
earn engineering degrees; in Japan the 
figure is 40. More than half of the new 
U.S. doctoral degrees in engineering, 
mathematics and physics go to for
eign nationals. In the life sciences the 
number of Ph.D.'s conferred remains 
about the same as a decade ago; mas
ter's degrees, however, have declined 
by nearly 25 percent and undergradu
ate degrees by nearly 30 percent, thus 
reducing the base for future scientific 
training and leadership. 

Secondary schools do far too little 
to encourage interest in science. A 
survey by the National Science Teach
ers Association of U.S. high schools 
found that one third of them offered 
no physics course, one fifth no chem
istry and one tenth no biology; almost 
three fourths offered no earth or 
space science. Another survey found 
that in a field of 13 countries, U.S. high 
school seniors in advanced physics 
ranked ninth, seniors in advanced 
chemistry ranked eleventh and those 
in advanced biology were last. 

The shortfall in our capacity to 
teach science, carry out research proj
ects and find applications for new 
knowledge can have only one out
come: a reduction in the quantity and 
quality of the industrial innovations 
on which the American standard of 
living depends. 

It seems to me that the dismal show
ing of U.S. high schools can be im
proved if we can attract young Ameri
cans to science at an earlier age
starting such instruction in at least 
the middle grades. One way to attract 
them is through the life sciences, 
which show how attributes that young 
people respond to-physical vigor and 
well-being-can be promoted by bio
medical research. 

For example, I know from letters I 
have received that children as young 
as eight or nine are fascinated to learn 
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about onchocerciasis (river blindness) 
and the sight-saving effects of a Merck 
drug discovery that we are donating 
for use in the impoverished tropical 
countries where this scourge is preva
lent. Such a story might well motivate 
some youngsters to choose a career 
in science. 

In the meantime corporations are 
continuing efforts to improve educa
tional performance at both universi
ty and precollege levels. Merck alone 
gave more than $8 million to SCientific 
education last year, and we were by no 
means the largest contributor. Indus
try funded approximately 8 percent of 
all university research in 1987; that 
figure is expected soon to increase to 
between 10 and 12 percent. 

But the crisis cannot be solved by 
corporate support or university fund
raiSing alone. Government at all levels 
must take steps to strengthen the sci
ence and mathematics curriculums of 
schools, colleges and universities. The 
nation must summon the resources to 
prepare teachers adequately and to 
modernize the equipment with which 
they learn, teach and do research. Fi
nally, increased funding of scholar
ships and other support programs is 
needed to attract more of our bright
est students to science careers, in
cluding research and teaching. 

Unless we take such action, other 
countries will reap the human, eco
nomic and cultural benefits of tomor
row's breakthrough products. In my 
own field, better treatments for can
cer, mental illness, osteoporosis, Alz
heimer's disease and other serious 
health problems may have to be devel
oped elsewhere. 

Experience in doing and managing 
science has taught me that in order to 
succeed, any research project must 
have its own champions-people truly 
committed to focusing attention and 
energy on that speCific project under 
all circumstances and for as long as 
necessary. I urge readers to champion 
a project as ambitious in its way as the 
Manhattan Project or today's search 
for an AIDS cure: the improvement of 
science education in our country. 

P. ROY VAGELOS is chairman, pres
ident and chief executive officer of 
Merck & Co., Inc. He did research at 
the National Heart Institute and at the 
Washington University School of Med
icine and then became director of 
the university's division of biology and 
biomedical sciences. Vagelos joined the 
health-products firm's Merck Sharp & 

Dohme Research Laboratories in 1975 

as senior vice-preSident for research. 
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