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THE BMW 7.SERIES .IT BRINGS what one industry observer deems "the 
NEW BLOOD TO A CL ASS OF AUTOMOBILE worlds first sports limousine." 

THAT CAN CERTAINLY BENEFIT FROM IT. It is an astonishingly roomy, quiet 
An eight-year, billion-dollar quest to rethink sanctuary whose inventive amenities 
every aspect of the luxury car has produced can even include a telephone as standard 
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equipment. Yet it moves with the force of a 
hurricane and handles with the exhila
rating deftness of a true European sports car. 

It is called the BMW 7-Series.And the 
well-to-do have paid the sincerest of tributes 

by buying it in gratifying numbers. 
Which proves our contention that, con

trary to proverbial wisdom, many of & 
them would rather not be idle. � 
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© 1989 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
AMERICAN May 1989 Volume 260 Number 5 

58 

66 

76 

90 

102 

2 

Technology; Employment and u.s. Competitiveness 
Richard M. Cyert and David C. Mowery 

How does investment in new technology affect employment? Luddite fears 
to the contrary, technology need not abolish jobs; indeed, it tends to create 
them. The technological fast track does, however, call for a work force that 
is well educated and thus adaptable to change, and so the sorry state of 
u.s. education may threaten the future of the u.s. economy. 

Creating Superheavy Elements 
Peter Armbruster and Gottfried Miinzenberg 

Physicists continue to create massive, unstable transuranic elements in the 
laboratory. Strangely, the heavier they are the longer they last, stabilized by 
subtle quantum-mechanical effects. And whereas the trick used to be to 
slam light elements into heavy ones at high energies, what works now is 
colliding two medium-weight elements at modest energies. 

Topobiology 
Gerald M. Edelman 

The term describes interactions among cells that depend on the cells' 
position. Cell-surface molecules that mediate the topobiological events of 
embryonic development turn out to be related to molecules that mediate 
the immune response in vertebrates. It appears that the immunoglobulins 
are descended from primitive developmental molecules. 

The Dynamic Aurora 
Syun-]chi Akasofu 

The shimmering sheets of light that drape the polar skies are generated by 
an interplay of the solar wind's electrons, its magnetic field, the earth's 
magnetosphere and particles in the atmosphere. As more is learned about 
this planetary generator, it is becoming possible to learn how solar activity 
triggers auroral storms, disrupting radio communications. 

The Past and Future Amazon 
Paul A. Colinvaux 

The Amazon basin's rain forest supports more species than any other 
region on the earth. Now it appears that the diversification has been 
favored by frequent perturbation of the region's climate and physical 
structure. Such robust response to change bodes well for the Amazon's 
resistance to exploitation-if human incursions can be kept within bounds. 
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Marsupial Frogs 
Eugenia M. del Pino 

These frogs, many of them creatures of the tropical-forest canopy, have 
broken a crucial tie to the water: instead of depositing her eggs in pools 
or streams, the mother incubates them in a special pouch on her back. 
The long incubation within the mother's body resembles pregnancy in 
mammals, but the eggs and embryos of these frogs are birdlike. 

Optical Fibers in Medicine 
Abraham Katzir 

With a minimum of trauma, flexible, maneuverable bundles of fibers can 
retrieve images from deep recesses in the circulatory system, the lungs and 
many other organs. Improved optical-fiber instruments soon may carry 
light into the body for therapy: high-power laser beams to cut, cauterize 
and ablate tissue, including atherosclerotic plaque and cancers. 

Henry Norris Russell 
David H. DeVorkin 

Russell bestrode U.S. astronomy between the two world wars and led 
the way to astrophysics. By exploiting the findings of atomic physics, he 
showed how to determine a star's composition and temperature from its 
spectrum. In doing so he hastened astronomy's shift from mapping the 
heavens to describing stellar mechanisms in the light of the new physics. 
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on AT&T 3B2s, DEC, UNISY S and Jim: It's mind-boggling how much 
other hosts located in all the depart- computer power is out there. We 

ments. We put on- and off-ramps in wanted to harness it all, yet give a 
Recently, an information management revolution 
occurred at the University of Wisconsin-Stevens 
Point. Dan Goulet from the University and Jim 
Leonhart of AT&T-campus radicals of a different 
kind-explain how they were able to realize a bold 
and complex vision. 

strategic locations: StarLAN networks piece to every individual. 
that gave access to the highway from Dan: A truly distributed network, 

workstations. one we don't think we'll ever outgrow. 

Dan: We designed everything We've added 300 WGS workstations 

from the user perspective. The more in the last five months. 
I FEBRUARY-22 .1989) technically remarkable the system Jim: Dan, where in the world is 

Jim: I remember the first day we became, the harder we worked to that wallpaper today? 

met. You had been around the block a make it approachable. Dan: We had it bronzed. Today, 

few times, but weren't getting Th so many colleges and businesses 

the answers you needed. ese men really need a similar solution. 

Dan: We wanted to create a That's probably why we've had 

��I:U:n������ sta�e' d a -"eil �olutionso ma:�i���:.om 

ment: a f ree- 1 � • 1 , l' , Jim. Little 

f lowing on- did we know 

line computer campus. We had a on campus back then, when we fi�st met. 

vision, and we were looking for Dan: Oh, somethmg tells 

someone to help build it. 
• me you had a hint. 

Jim: A distributed networked Jim: Easy for novices, powerful 
computing solution, that's what we'd enough for programming students. 
call it now: a way to process, move Dan: We developed a menu-
and manage information effec- driven user interface that is consistent 
tively, throughout a widespread and clear. Students and faculty can 
organization. select applications like checking spell-

Dan: We talked to many comput- ing, transmitting course grades, even 
er vendors before you. We got tired browsing through the on-line card cat-
of describing what we needed, so we alog of 1.5 million books at the Univer-
drew it. That graphic was about 13 sity of Wisconsin-Madison. we wanted 
feet long desktop power and access, but we 

Jim: More like twenty. The chart wanted to process information where 
showed every information resource it made the most sense. 

. on campus linked together, accessible Jim: Thinking back, we realized 
to students, faculty, and administra- early that the complexity of your 
tion. It became the wallpaper in my v ision precluded a single-system 
office for fifteen months. focus. You needed open systems. 

Dan: It was like a blueprint for a Dan: You were really the only 
data superhighway. ones that understood this pOint. Open 

Jim: We put our ISN wide-area net- systems allow us to use off-the-shelf 
work at the center-like an inter- components; vendors have to bid 
change-and built fiber and twisted- against each other to get our business. 
pair data lanes to applications running Open systems are the secret. 

The Stevens Point Solution: 
iTHECHALLENGE] 

Create a distributed computing revolu
tion; link the campus into an integrated 
information resource open to every user. 

ITHESi5LUT�] 
AT&T 3B2 computers support a multitude 
of UNIX� System V-based applications. 
AT&T StarLAN connects AT&T WGS 
computers, a variety of micros, and hosts 
together. The AT&T Information Systems 
Network (ISN) is every campus user's gate
way to all computer resources. 

r---:rnEREsULTd 
Stevens Point has been designated a Cen
ter of Excellence for Distributed Aca
demic Computing by the Board of 
Regents for the entire University of Wis
consin system. The majority of the 9000 
students on campus regularly use the net
work for course work and homework. 
Faculty have integrated computing into 
41 % of their coursework. 

Call your AT&T Account Executive, an AT&T 
Authorized Reseller, or 1800247-1212, Ext. 156. 

DEC is a registered trademark of Digital Equipment Corp. UNIX is a registered trademark of AT&T in the u.s. and Olher countries. ©1989 AT&T 

AYlaY 
The right choice. 
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For Bill Demby, the difference means 
getting another shot. 

When Bill Demby was in Vietnam, he 
used to dream of coming home and play
ing a little basketball with the guy s. 

A dream that all but died when he lost 
both his legs to a Viet Cong rocket. 

But then, a group of researchers dis
covered that a remarkable DuPont plastic 
could help make artificial limbs that were 
more resilient, more flexible, more like 
life itsel£ 

Thanks to these efforts, Bill Demby 

is back. And some say, he hasn't lost a 
step. 

At DuPont, we make the things that 
make a difference. 

Better thing,< for better living. <[(J P 0 tn:> 
REG. u.s. PAT 8. TM. OFF 
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LETTERS 
To the Editors: 

"Fusion's Future," John Horgan's re
view of the prospects for fusion en
ergy ["Science and the Citizen," SCIEN

TIFIC AMERICAN, February], is welcome 
and timely. As he points out, impor
tant scientific progress in magnetic
fusion research and new opportu
nities for international collaboration 
are generating renewed interest in fu
sion's prospects at a time when the 
need for alternative energy sources is 
becoming increasingly apparent. 

We should like to call attention to 
a recent multiyear study, not cited 
by Horgan, that explores the possibil
ities for developing magnetic-fusion 
reactors well suited to society's re
quirements. The study was the work 
of a lO-person national committee 
reporting to the U.S. Department 
of Energy-the Senior Committee on 
Environmental, Safety and Economic 
Aspects of Magnetic Fusion Energy 
(ESECOM). Its findings were summar
ized in a 50-page article, "Exploring 
the Competitive Potential of Magnet
ic Fusion Energy: The Interaction of 
Economics with Safety and Environ
mental Characteristics," in the Janu-

ary 1988 issue of Fusion Technology. 
The ESECOM study used state-of-the

art engineering-economic models and 
sophisticated methods for character
izing radiological hazards to compare 
a variety of fusion-reactor conceptu
al designs with one another and with 
advanced as well as contemporary fis
sion reactors. The plasma-physics per
formance assumed in the fusion cases 
was based on optimistic but defensi
ble extrapolations from the perform
ance that has been achieved in experi
ments to date. 

The ESECOM study found, in short, 
that fusion energy appears to have the 
potential to achieve significant advan
tages over fission energy with respect 
to safety, environmental impacts and 
links to nuclear weaponry, at energy 
costs roughly comparable to those of 
fission today. The ESECOM calculations 
indicated that "worst case" accidents 
in fusion reactors would produce pop
ulation exposures to radiation from 
10 to 1,000 times smaller than "worst 
case" accidents in fission reactors, and 
that radioactive-waste hazards (by the 
most meaningful indexes, which take 
into account the volume, radiotoxic
ity and longevity of the waste) could 
be from 100 to 1,000 times smaller 
for fusion than for fission. Economic 
costs associated with fusion technolo-

THERE'S NOTHING SIMPLE ABOUT 
A BUSINESS TRIP TO OSAKA 

gy's complexity might be offset, for 
the safest designs, by the savings re
sulting from easier siting and licens
ing of the plants and reduced require
ments for plant components to be cer
tified as being "nuclear grade." 

Fusion reactors with such favorable 
environmental and safety characteris
tics, at competitive costs, will not ma
terialize automatically. Years of diffi
cult development work remain before 
any fusion reactor could be installed 
in the power grid, and achieving the 
full environmental and safety poten
tial of this technology will entail work
ing with advanced materials and in
novative designs that may extend the 
development time and increase costs. 

The difficulty is no reason not to 
proceed, but it does underline the 
importance of international coopera
tion to divide the work and share the 
costs. The history of East-West cooper
ation in magnetic fusion-which dates 
back to 1958 and in which the West 
has gained at least as much as it has 
given-shows that the concern with 
transferring advanced U.S. technology 
to the Soviet Union through coopera
tion in fusion is misplaced. The cur
rent embodiment of this cooperative 
effort, the International Thermonucle
ar Experimental Reactor (ITER) proj
ect mentioned by Horgan, deserves 

T he complexities of doing 
business in Osaka can be 
overwhelming. Not only is 
the language foreign, but 

DINING FOR DOLLARS. 
Kicho is one of the most well

OSAKA CENTRAL. Al
though friendly; Osaka's taxi 

the rituals and business 
practices are quite different 
from our own. For this rea
son, the power of having just 
a little knowledge before
hand should never be under
estimated. 

WORD POWER. Try to type 
up all your ideas and the 
points you want to maKe at 
your meetings, so you can 
hand it out before you start. 
T he Japanese understand 
written English much 
better than they do 
the spoken word. 

known res
taurants in 
all of Japan. 
It's also the 
absolute 
best, so it's 
always 

r--:::.� __ -:::._--...... ..,....-, drivers speak almost 

Awaza 

booked. If you are invited to 
dine there, cancel all plans 
and go. 3-23 Korai-bashi, 
Higashi-ku, Osaka. 
Tel: 231-1937. 

MinamfMido 
Temple 

THE PERFECT GIFT. If you 
need a special gift, try a string 

of pearls from Mikimoto, 
1F Shin-Hankyu Big. 

1-12-39 Umeda, 
Kitaku. 

no English, so get all 
your directions written 
in Japanese before you 
leave the hotel. It's an 
enormous, congested 
cit>; so make sure to 

allow time for traffic delays. 

NORTHWEST NOTES. 
In addition to convenient, 
daily service to Osaka from 
over 200 U.S. cities and an 
all-747 fleet, we offer you 
something no other U.S. 
airline can-the knowledge 
that comes from over 40 
years of helping people do 
business in Asia. 

LOOK US�NORTliWEST AIRLINES 
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full u.s. participation and support. 
Indeed, the international coopera

tion that has long characterized work 
in magnetic fusion should be repli
cated in building up R&D programs 
for other energy options, including in· 
creased end-use efficiency, renewable 
energy sources, more efficient and 
cleaner-burning fossil-fuel technolo
gies and safer fission reactors. No sin
gle approach-not even the "cheap, 
efficient solar cell" postulated at the 
end of Horgan's story-will be able to 
do the entire job of meeting the ener
gy needs of the world's huge and di
verse civilization. Current uncertain
ties about future needs and the char
acteristics of the energy options that 
will be available to meet those needs 
are too great to allow a sensible deci
sion now about which options can 
safely be forgone. 

Instead of arguing on the basis of 
inadequate information about which 
of the long-term energy options is the 
"best" one, analysts ought to unite 
behind the proposition that we are 
investing far too little in the energy 
future all across the board. In infla
tion-corrected dollars, Federal energy 
R&D today is running at about a third 
of the level of a decade ago. The ex
tra $4 billion per year needed to re
gain the spending level of 1980 cor-

NORTHWEST ASIA SERIES • 
. 

responds to an increase of four cents 
per gallon in the tax on gasoline or 
a tax of 75 cents per ton on carbon 
dioxide emissions (7.5 cents per mil
lion British thermal units of heat pro
duced from coal, six cents for the 
same heat from oil and 4.5 cents for 
natural gas). It would be a wise invest
ment, and hardly unaffordable. 

JOHN P. HOLDREN 

Energy and Resources Group 
University of California, Berkeley 

T. KENNETH FOWLER 

Department of Nuclear Engineering 
University of California, Berkeley 

To the Editors: 
As one of the 8 percent of males 

who have a red-green color deficien
cy, I was fascinated by "The Genes 
for Color Vision," by Jeremy Na
thans [SCIENTIFIC AMERICAN, February]. 
I am a green-anomalous trichromat, 
although I had not realized that my 
"problem" had a name or understood 
its physiological basis. 

Since the characteristics of these 
color-vision abnormalities are so well 
known, it would seem possible for 

human-factors,engineering standards 
to specify avoiding certain colors in 
the design of some signs, signals and 
displays. Examples are traffic signals 
(I can see only the slightest trace of 
green in most "green" lights) and com
puter displays (a personal-computer 
plotting program displays one type of 
data in a blue-green color that, to me, 
is almost indistinguishable from the 
"white" screen background). 

The information in the article sug
gests that certain shades of green, red, 
yellow and orange probably appear 
brighter to red- and green-anomalous 
trichromats (and possibly to dichro
mats) than to people with normal vi
sion. I wonder if this has influenced 
tastes in art. Van Gogh, Titian, El Greco 
and Kim Poor are among my favorite 
artists. Is it possible that the pigments 
available to the first three of these 
(Kim Poor is contemporary) included 
relatively large proportions of the col
ors I can see best? Or could it be that 
the artists chose such colors because 
they had color-vision abnormalities 
similar to mine or were influenced by 
teachers, patrons or critics with ab
normal color vision? 

CARl. FIELDS 

Farmer City, lll. 

INTERNATIONAL RESERVATIONS 1-800-447-4747, U.S. RESERVATIONS 1-800-225-2525 
© 1989 Northwest Airlines, Inc. 
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50 AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

MAY, 1939: "When its temperature is 
lowered to 2.19 degrees Kelvin, liquid 
helium seems to stop boiling. This 
observation is merely one of many 
that show the temperature marks a 
transition point between two states of 
helium. Helium I is the warmer, helium 
II the colder. Helium II possesses an 
unusual heat-conducting capacity, far 
in excess of helium I; some time ago 
Peter Kapitza, the Russian scientist 
who spent many years in Lord Ruth
erford's laboratory at Cambridge, En
gland, thought this might be due to an 
abnormally high flUidity-or low vis
cosity, as the physicists call it. This 
would mean that the liquid would cir
culate with extreme ease, carrying 
heat by means of convection currents. 
The viscosity of helium II now turns 
out to be about the same as that of 
gaseous hydrogen, low enough to set 
the theoretical physicists to try to ex
plain these superfluid properties." 

'The question of muscular flight 
is evidently not a fantastic one, and 
is being entertained in many respon
sible quarters. Dr. W. F. Gerhardt of 
Wayne University has built a 'giro
cycle,' which is in reality a helicopter 
of the simplest form. The airscrew 
is mounted on a vertical shaft driven 
through a two-to-one pinion gear by 
ordinary bicycle foot pedals. The giro
cycle is not yet a free-flying vehicle but 
is controlled laterally by a stationary 
tripod. Three records have been creat
ed with this unique device: the first 
vertical 'flight' by muscular power, the 
first 'flight' by muscular power ever 
achieved by a woman, and an ascent, 
or jump-off, of one eighth of an inch. 
At any rate, this is a beginning." 

"From seeds estimated to be be
tween 300 and 500 years old, lotus 
plants are being grown today at the 
Field Museum of Natural History in 
Chicago. So far as can be ascertained, 
this represents the longest duration 
of delayed germination on record. The 
lotus seeds had lain buried in a peat 
bed in southern Manchuria through 
several centuries." 
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"Air conditioning now being in
stalled in submarines will make Amer
ica's undersea fighting force a much 
more potent weapon in any future 
war. The use of cooling and dehumidi
fying equipment and the provision of 
oxygen from tanks to replace exhaled 
carbon dioxide will enable submarines 
to run submerged probably for peri
ods of days, thus adding another fac
tor to their effectiveness in attack or 
defense." 

MAY, 1889: "The Timberman does 
not seem alarmed at the prospect of 
an early destruction of our timber 
supply. It asserts that Puget Sound has 
1,800 miles of shore line, and all along 
this line, miles and miles farther than 
the eye can reach, is one vast and 
almost unbroken forest of enormous 
trees. The forests are so vast that, 
although the sawmills have been rip
ping 500,000,000 feet of lumber out of 
them every year for the past ten years, 
the spaces made by these inroads 
seem no more than garden patches." 

"A French firm have succeeded, after 
long endeavors, in applying electricity 
to the art of tanning in such a way as 
is claimed to accelerate the process. 
What is actually done is very simple. 
The rawhides are placed in a large 
cylinder which revolves upon a hori
zontal axle. Provision is made for 
passing a current through the drum, 
the electrolyte being a decoction of 

The ocean tricycle at Atlantic City, N.J. 

tannin. The drum is kept slowly re
volving until the process is complete. 
Light calf skins, and sheep and goat 
skins, which used to require from four 
to six months, are said to be complete
ly tanned in twenty-four hours. The 
exact nature of the role played by the 
electric current is not at all clear. Prof. 
S. P. Thompson, who has examined the 
process, suggests that the effect may 
be in some way to open the pores of 
the hides and so permit a more rapid 
access of the tanning solution." 

"According to the Virginia City (Nev.) 
Enterprise, the fortune that awaits the 
inventor of a successful dry-placer 
machine, or any other method by 
which the gold in the loose dirt on 
the hills and mountains of Nevada can 
be separated, will make the present 
wealthy men of the world have, by 
comparison, dismal anticipations of 
the poorhouse." 

"Mr. H. M .  Stanley, the African ex
plorer, gave an extremely interesting 
reference to the arrow poison em
ployed by the natives of the Lower 
Congo district. Mr. Stanley says his 
party was much exercised as to what 
might be the pOison on the heads of 
the arrows by which Lieut. Stairs and 
several others were wounded, and 
from the effects of which four persons 
died almost directly. The mystery was 
solved by finding at Arisibba several 
packets of dried red ants. The dried 
insects were ground into powder, 
cooked in palm oil, and smeared on 
the arrows. It is well known that for
mic acid exists in the free state in red 
ants; there is little ground for doubt
ing that it was the 'deadly irritant.' " 

"The illustration shows a vehicle de
signed to cause somewhat of a sen
sation in the world under the waters 
as well as above. The ocean tricycle, 
as it is called, consists of a high plat
form carried on an iron framework, 
the whole resting on three wheels. 
The engine, with its boiler, is placed 
on the platform, well above the reach 
of spray. As the engine works it turns 
a vertical shaft that descends within 
the framework. The height above the 
water at which the passengers are car
ried discloses many features of the 
bottom, otherwise invisible, such as 
variations in color, depth, beds of sea
weed, etc., exactly the same as can be 
seen from the masthead of a sail boat 
in still, shallow water. We doubt not 
that the inhabitants of Atlantic City 
will have many enjoyable rides on this 
machine over the level bottom there." 
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Most car 

happenina 
Every day, within a few miles of home, someone 

loses control and buys the wrong car. 
Such accidents could be avoided by pulling into 

a Saab dealership. 
There you'll find there's nothing accidental 

about a Saab. 
You can buy any Saab for its performance and 

still have a practical car. Three absolutely stock 
Saab Turbos averaged 132 mph for 62,000 miles in 
21 days straight driving, without a breakdown. Yet 
for all its performance Saab has tremendous room, 
not just for passengers but for cargo, too. 

You can buy a Saab for the fun of driving and 
still have a safe car. What Saab owners love most 
about their Saabs is their performance. Yet a recent 
insurance industry report ranks Saab among the 
best cars in America when it comes to claims for 
personal injury. 

Don't buy the wrong car. 
Instead, visit your Saab dealer soon. A test 

drive is free. And there's no risk involved. 

SAAR 
The most intelligent cars ever built. 

Saabs are intelligently priced from $16,995 to $32,095. Manufacturer's suggested retail prices not including taxes, license, freight, dealer charges or options. Prices subject to change. 
© 1989 Saab·Scania of America, Inc. 
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In life insuranceJ the saying goesJ the paperwork can 
kill you. The paperless office is every companyJs dream. 

Thaes why lots of huge insurance companies are 
using NYNEX. 

Recently; to simplify life for one of these colossiJ 
NYNEX replaced acres of paper with an innovative new voice 
and data networkJ connecting their operations center with 
their headquarters. It makes their systems compatible. 

And remarkably; it allows them to access their whole 
information network by plugging any work station into 
any phone jack. 

This NYNEX technology isnJ t just convenient. Ies 
saving them a lot of money. 
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some 

Which is always the best policy. 
The NYNEX family of companies would lil<e to 

work with youJ too. We offer you everything from computer 
networks and softwareJ to mobile phonesJ to the services of 
New England Telephone and New York Telephone. 

Call us at 1 800 535-1535. 
When we say the answer is NYNEXJ it's not just 

an empty claim. 

Need to communicate? Need to com/!.ute? The answer is 

NYN'A 
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You don't have to be a genius to use 
the remarkable features of the Smith 

Corona XD 7500. You just 
have to know how to push 
the right buttons. 

Detect typos and mis
spellings before anyone 

else does with the SPell
Right'" 75,000 word 
electronic dictionary. 
Tap List and it looks 
up the correct spelling. 

One touch of Find 
locates errors 

for you. Once you locate 
those errors, Ward-
E raser® / LineE raser'" 

erases a whole word or 
a whole line automatically. 

There are even 10 lines of automatic 
memory correction to make 

1,-1 ___ -----'\ � 

revisions simpler than ever. 
The XD 7500 also offers the 

exclusive Smith Corona 
fumble free Correcting 
Cassette. Just pop it in. 

There are no 
spools to 

unwind ... no complicated 
threading ... no tangles. 

U sing the word 
processing features of 
the XD 7500 is also a 
breeze. You can � 
type directly �<r>.;; t 

into its 12,000 character ,,&\0'< . ""e<r>' 
'V 

memory using the easy-
to-read, 40 character 
display. Then you can 
proofread your typing, make changes, 
and print once everything's perfect. 

Of course, the XD 7500 is made 
right here in the U.S.A. 

So come see how easy it 
is to use the XD7500. We're 
sure you'll be frilled. 

SMITI-I 
CORON� 

TOMORROW'S TECHNOLOGY 
AT YOUR TOUCH'" 

For more information on this product, write to Smith Corona Corporation, 65 Locust Avenue, New Canaan, CT 06840 
or Smith Corona (Canada Ltd.), 440 Tapscott Road, Scarborough, Ontario, Canada MlB lY4. 
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SCIENCE AND THE CITIZEN 
Aging Comes of Age 
The new biology turns 
its acumen to an old topic �vances in neurobiology, immu

nology and molecular biology 
are bringing the transforma

tions associated with aging within the 
reach of analysis. "There's been a dras
tic change in the constituency of in
vestigators," says Caleb E .  Finch of the 
University of Southern California, one 
of the organizers of a recent meeting 
in Santa Fe devoted to the subject. The 
meeting "marks recognition by out
side disciplines," according to Thomas 
E. johnson of the University of Colo
rado at Boulder, Finch's co-organizer. 
"Five years ago there wasn't a molecu
lar biology of aging : here, half to two 
thirds of the talks adopt a modern 
biotechnology approach." 

Some venerable theories of aging 
have been swept away. "Nobody be
lieves there's a single gene controlling 
aging-that's a change from 10 years 
ago," Finch remarks. Nor, according to 
johnson, has experimental support 
been found for the plausible idea that 
a cell simply accumulates random er
rors in its genes and proteins until a 
fatal catastrophe happens. Indeed, 
some senescent cells (cells that have 
stopped dividing in culture) are still 
quite capable of replicating DNA .  
"We're not looking for single causes 
any more," johnson says. "Aging is a 
mixture of multiple causes." 

As the old theories fade workers are 
finding fresh leads. It is becoming 
clear that many of the changes that 
come with age are ordained by a ge
netic program. ( Cancer cells, which 
multiply indefinitely, usually do not 
show changed gene expression over 
generations as normal cells do.) Some 
manipulations can affect the genetic 
program. For example, it is known that 
dietary restrictions can increase an 
animal's life span. In rats the increase 
is accompanied by enhanced expres
sion of some genes in liver tissue, 
according to Arlan G. Richardson of 
Illinois State University. Yet some ge
netic changes also have a random 
component. Peter j. Hornsby of the 
Medical College of Georgia has shown 
that one bovine cell type loses its 
ability to express a certain gene with a 
fixed probability at each cell division. 
"The cells forget what they are sup
posed to be doing," Hornsby says. 

22 PHYSICAL SCIENCES 
26 TECHNOLOGY 
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32 MEDICINE 
36 PROFILE 

Some genes affected by aging may 
have crucial roles.  For instance, Paul S. 
Swerdlow of the University of Virginia 
has evidence that human cells ap
proaching the end of their ability to 
divide in culture contain lowered lev
els of a bound form of the protein 
ubi qui tin. One of ubiquitin's tasks is 
to mark defunct proteins for destruc
tion. Swerdlow thinks senescent cells 
might have defective ubiquitin-bind
ing systems that allow damaged pro
teins to accumulate. 

The mechanisms that prevent cell 
division in senescent cells offer anoth
er clue to the process of aging. Andrea 
L. Spiering, james R. Smith and their 
colleagues at the Baylor College of 
Medicine in Houston have found there 
is a substance (which they are now 
trying to isolate) that is present only in 
senescent cells and inhibits DNA syn
thesis. They have isolated a mutant 
human cell line that multiplies indefi-

nitely but that still produces the inhib
itor (which can affect other cells). 

A line of inquiry that researchers 
find particularly exciting relates to fi
bronectin, a protein that anchors cells 
in pOSition and helps young cells re
tain their shape. Mary Beth Porter, who 
also works at Baylor, has found a vari
ant form of fibronectin that is present 
only in senescent cells. Her work dove
tails with investigations at other labo
ratories showing that changes in gene 
transcription in old cells often affect 
fibronectin. It appears that the altered 
protein may be defective. 

Despite such promising leads, there 
is still much ambiguity. One recurrent 
difficulty lies in deciding whether a 
particular genetic change is a cause or 
a consequence of cell senescence and 
indeed whether it is relevant to aging 
of the whole organism. Neurodegener
ative diseases such as Alzheimer's, 
which seem to have a genetic compo
nent, are good subjects for study. Car
ol A. Miller of the University of South
ern California has employed mono
clonal antibodies to identify small sub
groups of neurons that are destroyed 
in such diseases, which could give 
valuable clues to what is going wrong. 

If important changes during aging 
are indeed genetically programmed, 
why should that be? Might there be 
some evolutionary benefit? johnson 
has found a gene he calls age-1 in the 
tiny worm Caenorhabditis elegans that 
shortens life span but compensates by 
increasing fecundity. A mutant worm 
with a defective age-1 gene lives 70 
percent longer than normal but pro-

Aging cells in culture exhibit an unusual protein 

HUMAN CELLS that have attained their maximum number of divisions (right) have 
a variant form of the protein (ibronectin, seen here as brown-stained patches. 
Patches show binding by a monoclonal antibody isolated by Mary Beth Porter of 
the Baylor College of Medicine- Young cells (left) do not show the variant protein. 
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Brown, Greszczuk, 
Liebeck & Xerikos 

These are the kind of Fellows who are 
making the world we'll live in tomorrow. 

These are four top achievers in technology - newly named McDonnell 
Douglas Engineering and Research Fellows. 

Our company searches out and develops men and women who are creative 
leaders in their work. We surround them with challenges to be met. We provide 
them with the facilities to fulfill their potential and with opportunities for 
advancement in the fields in which they do their best work. 

Brown, Greszczuk, Liebeck & Xerikos, along with the previously named Fellows 
whose ranks they join, bring honor and progress to our company. They repre
sent in the world of technology what the Albin Polasek sculpture shown here 
represents in art: Mankind carving its own destiny. 

Dr. Ian Brown is acknowledged 
as a leading investigator of the 
kinetics of polymerization. Using 
the magnetic resonance tech
nique to study the molecular 
behavior of polymers, polymeric 
matrices, and fibers, he has 
provided invaluable guidance 
for our design and manufacturing 
engineers as they work with 
various composite materials in 
the products we build. 

Longin Greszczuk has gained 
national recognition as an 
authority on composite materials 
and structures. Models he has 
developed for predicting physical 
properties and characteristics, 
stresses and interactions in a 
variety of composite structures 
have helped produce success in 
several major space and national 
defense products we design 
and build. 

Dr. Robert Liebeck has earned 
wide acclaim for his development 
of maximum lift low-speed airfoils 

- wing designs and propellers. 
His unique airfoil concepts have 
found their way into products as 
diverse as cooling fans and wind 
turbines; the man-powered 
Gossamer aircraft; and a winning 
Indianapolis 500 race car. And 
of course, into our own products 
as well: The Ultra High Bypass 
engine program, and our new 
MD-ll trijet. 

Dr. James Xerikos clearly 
deserves his superior reputation 
in aerodynamic research. His 
work in numerical gasdynamics, 
supersonic and hypersonic 
flowfields, shock/boundary layer 
interactions, and advanced finite 
computation has led to vehicle 
designs ranging from hypersonic 
interceptors to underwater 
armaments. His current task: 
develop and verifY the aero-optic 
analyses that will help put our 
new interceptor missile on target 
for the Strategic Defense 
Initiative. 

"Man Carving Out His Destiny" 

MCDONNELL DOUGLAS 
A company of leaders. 
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The Roster 
of Fellows. 

Brown, Greszczuk, Liebeck & Xerikos join 
these previously named top achievers in 
technology. 

Distinguished Fellow 
Dr. Donald P. Ames. Magnetic 
resonance, materials, chemical lasers, 
and particle beams. 

Senior Fellows 
Eugene C. Adam. Aircraft crew station 
design. 

Dr. James l. Gimlett. Optical and 
electro-optical technology. 

Dr. Ranier Zuleeg. Gallium arsenide 
microcircuitry. 

Fellows 
Dr. William C. Ard. Magnetic 
confinement fusion and neutral 
particle beam technology. 

Dr. William E Bozich. Laser technology. 

Raymond E. Brown. Simulation 
technology. 

Dr. Norman R. Byr d. Materials science. 

Dr. Tuncer Cebeci. Computational fluid 
mechanics and theoretical aeronautics. 

Paul A Czysz. Advanced hypersonic 
aircraft concepts. 

Paul H. Denke. Finite-element 
structural analysis. 

Harold D. Dill. Aircraft structural 
analysis. 

John L. Hess. Air flow and acoustics 
radiation. 

Fr ank Laacke. Fighter aircraft design. 

James G. Laird. Radar design and 
analysis. 

Dr. T. Leo Lo. Computer science. 

Dr. Louis N. Medgyesi-Mitschang. 
Low observable (radar cross section) 
calculations. 

Fr ancis D. McVey. Computer-aided 
engineering. 

Lawrence D. Per lmutter. Navigation, 
guidance and control. 

Dr. Kar l A Pfitzer. Space physics. 

Richar d A Rawe. Fracture mechanics. 

Dr. Rober t R. Rice. Lasers and 
electro-optics. 

Dr. Micklos Sajben. Flow fields in 
inlets and duct flow fields. 

Stanley Schneider. Energy device physics. 

Er ic Udd. Fiber-optic technology. 

Dr. Clarence J. Wolf. Environmental 
behavior of polymers. 

duces five times fewer offspring. 
There may be similar genes in other 
species. 

Changes in human immune func
tion that occur with aging might also 
have beneficial aspects. Marc E. Weks
ler of Cornell University Medical Col
lege finds that only one quarter of T 
lymphocytes from old people retain 
their full ability to proliferate in re
sponse to an external stimulus. Such a 
decline could explain the increased 
susceptibility of the elderly to infec
tious disease. The change might none
theless allow immune surveillance of 
the body's own tissues to be stepped 
up-which indeed seems to happen
and so lessen the likelihood of cancer. 

For all the interest in genetic pro
grams, it is also clear that naturally 
occurring chemical substances can de
stroy cells. Such destruction might be 
critical in some tissues. Attempts to 
develop drugs to block such damage 
are already under way. Retin-A (tretin
oin), a drug that can reduce skin wrin
kles, is a product that arose indirectly 
from aging research and is now a ma
jor success story for its manufacturer, 
johnson & johnson. This fact was not 
lost on venture capitalists at the Santa 
Fe meeting, who seemed particularly 
impressed with the promise of the 
fibronectin discoveries. If Wall Street 
was too late to back Hernando de 
Soto's 16th-century search for the 
fountain of youth, it seems to have 
caught up with his lab-coated succes
sors. -Tim Beardsley 

Cold Water on the Fire 
A recent survey casts doubt on 
evidence for early use of fire 

In a recent issue of Nature two 
investigators report finding what 
they call the earliest evidence for 

human use of fire: bits of charred 
animal bone from a South African cave 
that appear to be more than a million 
years old. The game was roasted, the 
authors argue, by hominid precursors 
of Homo sapiens, perhaps by members 
of the species H erectus. 

Now a review of the evidence for 
early use of fire suggests such claims 
should be regarded with caution. Writ
ing in Current Anthropology, Steven R .  
james, a doctoral candidate a t  Arizona 
State University, considers evidence 
from sites where H erectus is pre
sumed to have made fires and con
cludes that all of it can be explained by 
natural causes. There is no solid evi
dence for controlled use of fire until 
about 200,000 years ago, james says. 

Since by that time early forms of H 
sapiens were already present, it is pos
sible H erectus never used fire at all. 

The main sites that james considers 
are in East Africa, South Africa, Europe 
and China. In each region, he claims, 
similar processes have led anthropol
ogists to exaggerate the strength of 
the evidence for early fire. Some speci
mens once thought to be burned have 
actually been altered by other proces
ses, including staining by manganese 
from the surrounding soil. Without 
specific chemical tests, which often 
were not applied in early excavations, 
such staining is difficult to distinguish 
from the effects of burning. 

Even when prehistoric remains are 
clearly burned, it is difficult to prove 
that the fire was made and controlled 
by hominids. For example, burned clay 
found in association with stone tools 
and bone fragments in the Middle 
Awash Valley in East Africa has been 
taken as evidence for controlled use of 
fire by early hominids a little more 
than a million years ago. Some anthro
pologists have suggested that human 
ancestors there kept stumps burning 
as farmers still do in India-in order to 
have fire available while working far 
from their homes. 

There are several problems with 
such interpretations, james says. Simi
lar bits of burned clay are found else
where in the region unaccompanied 
by tools or bones. Furthermore, none 
of the animal remains are reported to 
have been burned, which suggests 
that if there were fires, they were not 
for roasting meat. In addition, the ar
chaeological materials are not, for the 
most part, found in direct association 
with the burned clay. The simplest 
explanation, james argues, is that the 
clay was burned by natural fires or 
volcanic activity. 

He is Similarly skeptical about the 
evidence for fire from Zhoukoudian in 
China. Zhoukoudian is the famous 
cave site where "Peking man" (an ex
ample of H erectus) was discovered in 
the 1 9 2 0's.  Among 50 meters of de
posits in the cave are burned bones, 
ash, charcoal and stone tools, which 
have been taken as evidence that fire 
was a daily part of the life of H erectus 
bands living there 400,000 to 500,000 
years ago. Indeed, the findings from 
Zhoukoudian have been crucial in sup
porting the notion that H erectus was 
the tamer of fire. 

Yet recent reanalYSis of specimens 
from the older layers at Zhoukoudian 
by Lewis R. Binford of the University of 
New Mexico calls the standard inter
pretation of the cave findings into 
question. Not only are there no well-
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defined hearths, but some of the lay
ers first described as consisting of ash 
may actually include owl pellets, hye
na scats and other accumulations that 
were burned by naturally caused fires. 
"Clearly the entire question of burned 
deposits at Zhoukoudian needs to be 
reexamined," james concludes. 

The earliest evidence for controlled 
use of fire by hominids that the skep
tical james is willing to accept (tenta
tively) comes from the beach at Nice. 
There, at a site called Terra Amata, 
excavations in the 1 960's revealed 
what may be the foundations of huts, 
each with a hearth at its center. Recent 
dates obtained by new techniques in
dicate that the site is about 2 3 0,000 
years old. If the date is correct, the 
hearths might be traces of ancestral 
Neanderthals, an early form of H sapi
ens, later superseded by anatomically 
modern human beings. 

"I'm certainly not ruling out the use 
of fire by Homo erectus or other pre
cursors," james said recently, "but 
there have been some early claims 
that are not well substantiated. These 
need to be treated with caution. Our 
picture is changing: there's a lot of 
evidence now that early hominids 
were scavengers rather than hunters, 
and scavengers seem less likely to use 
fire. Anthropologists have invented 
stories to account for early use of 
fire-based on a model of hunters 
sharing meat around the campfire
but that's just not what you see in the 
archaeological record." -John Benditt 

Case Proved 
Changes in science curriculums 
may actually take place 

The litany of surveys document
ing the sorry state of u.s. science 
education seems to have con

vinced educators that the time has 
come for study to give way to action. 
The most recent survey, by the Educa
tional Testing Service (ETS), found 
that 1 3 -year-olds in the U.S. did worse 
in mathematics than those in Korea, 
five Canadian provinces, Spain, the 
United Kingdom and Ireland; in gener
al science the U.S. was tied with Ireland 
and two Canadian provinces in the 
lowest tier of achievement. In re
sponse to the study U.S. Secretary of 
Education Lauro F. Cavazos asked, 
"How many times must this nation be 
reminded of its educational deficit? " 

"People are tired of studies," says 
Bill G. Aldridge of the National Science 
Teachers Association. "We're calling 
for something to be done immediate-
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ly." Aldridge is steering one of a num
ber of disparate efforts to address 
scientific illiteracy by improving cur
riculums. His diagnosis is that too 
much science is now crammed into 
too little time. Aldridge points out that 
the few U.S. high school students who 
study physics at all must attempt to 
cover in one year the same amount of 
physics that students in many coun
tries spread over five or more years. 
The science teachers' scheme would 
have each subject taught for several 
years, with the course content gradu
ally becoming more theoretical ; it 
would also strive for a coordination 
between subjects that is now lacking. 

Aldridge says the project could start 
producing materials for high school 
teachers as soon as next year and that 
the curriculums would then begin to 
be introduced in five or more test 
sites, one of which may be the entire 
state of North Carolina. Aldridge ex
pects half of the estimated $ 1 0  to $ 2 0  
million total cost o f  the project to 
come from the National Science Foun
dation; the Department of Education 
and individual states might also chip 
in. Nobel laureates Sheldon Lee Glas
how and Leon M. Lederman, as well as 
publishers and influential educators 
such as Bill Honig of the California 
State Department of Education, are 
said to have lent their support. 

Less hurried efforts in curriculum 
development are under way at the 
National Research Council (NRC), 
where one committee is attempting to 
revamp mathematics education; as 
part of that initiative the National 
Council of Teachers of Mathematics 
published new standards for evaluat
ing math curriculums in March. Anoth
er NRC committee is to issue reform 
recommendations on biology curricu
lums this fall;  that panel is backed by 
the Howard Hughes Medical Institute 
in Bethesda, Md., which has a strong 
interest in improving biology educa
tion-and the financial muscle to 
make things happen. 

Project 206 1 (the name refers to the 
year when Halley's comet will next 
approach the sun) is yet another ex
ample. It is an enterprise of the Ameri
can Association for the Advancement 
of Science (AAAS) that will attempt a 
radical redefinition of science curricu
lums. Progress has been slow. The first 
phase, which simply established what 
high school graduates should know, 
was intended to last six months but 
took five years. Moreover, an overview 
volume recently published by the 
AAAS, Science for All Americans, was 
the subject of much dissent among 
panels of scientists: each group felt its 

own subject had been underrepre
sented. Although unkind observers 
suggest that Halley's comet may be 
back before definitive curriculums 
and materials emerge, some interim 
materials from Project 206 1 in fact 
will be available for Aldridge's faster
paced effort. 

To be sure, curriculums are worth 
nothing unless school administrators 
and teachers adopt them. F. james 
Rutherford of the AAAS says Project 
206 1 's long-term approach will allow 
time to build a constituency among 
teachers and principals. Will they be 
willing to abandon old ways? "We can 
hope there is enough recognition that 
there's a crisis," Rutherford observes. 
The ETS, though, is proposing just one 
more comparison of U.S. students 
with those overseas. Archie E. La
pointe of the ETS says a further study 
could establish just what educational 
standards are achievable and could 
also identify the characteristics of 
successful school systems. "The best 
way to mobilize is to appeal to our 
competitive instincts," according to 
Lapointe. - T.MB. 

PHYSICAL SCIENCES 

Pinning Down Clouds 
Scientists ponder the role 
of clouds in climatic change 

The more climatologists look at 
clouds, the more they realize 
they really don't know clouds at 

all. A recent comparison of 1 2  global 
climate models from six countries by 
Robert D. Cess of the State University 
of New York at Stony Brook underlined 
the problem. Cess eliminated equa
tions simulating clouds' influence on 
the climate from the models and 
found that their forecasts of a warm
ing induced by the greenhouse effect 
agreed "exceptionally well." When the 
cloud-feedback equations were re
stored, the models' forecasts diverged 
by a factor of three. 

"There is no consensus on how 
clouds will affect the greenhouse 
warming," confirms David Randall of 
Colorado State University. All clouds, 
he says, act to some extent as "reflect
ing blankets," simultaneously cooling 
the earth by reflecting incoming sun
light back into space and warming the 
earth by preventing heat from escap
ing. Different clouds combine these 
properties in different proportions. 
Stratus clouds, which are dense and 
low-lying, have a net cooling effect 
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Choose one of these fine works and save over $290. 

The Compact Edition of 
The Oxford English Dictionary 

for $27.95 (Pub. price $195) 
"The most complete, most scholarly dictio
nary of the English language' !-The Christian 
Science Monitor. Through photoreduction, 
the original 13-volume set has been repro
duced in this two-volume Compact Edition. A 
Bausch & Lomb magnifying glass is included. 

You simply agree to buy 4 books within the next 2 years. 

The Atlas of the World 
Seventh Comprehensive Edition 

for $29.95 (Pub. price $149.95) 
"The best atlas now available in English."-The New 
lVrk Times. The only atlas printed in 8 colors for clear 
reading of geographic and political features. This vol
ume contains 292 pages of color maps and a 277-page 
index with over 200,000 entries which include longi
tude and latitude-a feature not offered in other 
atlases. Size: 18" x 12:' Pages: 520. 

The Story of Civ ilization by Will and Ariel Durant 
for $29.95 (Pub. prices total $335.45) 

For almost half a century Will and Ariel Durant conquests-to show the foundations of society 
traced the continuity of world history-the reli- today. A Book-of-the-Month Club exclusive for 
gions and philosophies, the political and economic almost 50 years, the Durants' illustrated master-
tides, the arts and sciences, the customs and work is history come alive. 

Shakespeare: 6 Great Tragedies 
for $19.95 (List prices total $179.60) 

Book -of -the-Month is proud to present 6 of 
Shakespeare's greatest tragedies: Hamlet, 
King Lear, Macbeth , Othello, Romeo and 
Juliet and Julius Caesar. Paul Scofield, Ralph 
Richardson, Albert Finney, Dame Edith 
Evans, Claire Bloom, John Mills and many 
more of England's most gifted Shakespear
ean actors perform memorably in complete 
readings of each play. 17 cassettes in all. 

The Encyclopedia of Philosophy 
for $24.95 (Pub. price $225) 

Regarded as the most comprehensive ency
clopedia of philosophy ever published, this 
superb set-compiled in collaboration with 
the world's foremost philosophers-encom
passes aspects of ancient, medieval, modern, 
Eastern and Western thought. The four vol
umes represent an essential aid for students 
and a rewarding reference source. 
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The global cloud cover cools the earth now, 
but what will its effect be if the climate changes? 

CLOUDS' EFFECTS on temperature were measured by the Earth Radiation Budget 
Experiment. Regions where clouds had a strong cooling effect are blue; green 
represents a smaller effect; yellow shows a negligible net effect and rust a slight 
heating effect. Image provided by V. Ramanathan of the University of Chicago. 

because their albedo, or re flectivity, is 
relatively large. Wispy, high- flying cir
rus clouds, because they are semi
transparent to incoming sunlight but 
block infrared radiation emitted by 
the earth (as do greenhouse gases 
such as carbon dioxide), have more of 
a warming effect. 

Beyond these essential facts, much 
remains unknown. What happens 
when cirrus clouds overlie stratus 
clouds, for example? "We don't have a 
handle on that yet," Randall says. 
"There is a tendency to avoid messy 
problems at this point." 

Part of the difficulty in modeling 
clouds, according to Michael E .  Schle 
singer of Oregon State University, is 
that relevant phenomena range from 
microscopic particles called cloud nu
clei, around which water vapor con
denses, to the "waves" thousands of 
kilometers long observed rippling 
through the global cloud cover. "We 
will never have a computer powerful 
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enough to model clouds at all scales," 
Schlesinger says. 

What detailed knowledge there is 
derives largely from meteorologists' 
studies of clouds-such as the tower 
ing cumulus-that generate "interest
ing" weather. But these clouds are not 
necessarily the most important ones 
for understanding climatic change. 
Marine stratus clouds, for example, 
which cover broad swaths of ocean at 
cool latitudes, "don't rain, or make 
lightning, or snow," notes Robert J. 
Charlson of the University of Washing
ton. "They are very boring, but they are 
one of the dominant features govern
ing the albedo of the earth." 

Climatologists have created several 
large-scale studies of clouds. The In
ternational Satellite Cloud Climatolo 
gy Project (ISCCP) pulls together data 
from geostationary weather satellites 
and polar orbiters. To improve the 
interpretation of the satellite data, the 
National Aeronautics and Space Ad-

ministration has initiated a project 
called the First ISCCP Regional Experi 
ment (FIRE), in which workers observe 
clouds from the earth's surface and 
from planes while the satellites scan 
them from above. 

Yet another NASA project is the 
Earth Radiation Budget Experiment 
(ERBE), in which satellites measure the 
net effect of clouds on the earth's 
temperature. The project recently pro 
vided a valuable piece of information: 
after analyzing the reams of ERBE data 
gathered during one month in 1 9 8 5 ,  
a team l e d  b y  V .  Ramanathan of the 
University of Chicago determined that 
the global cloud cover (which veils 
roughly half of the earth's surface) 
has a significant net cooling effect. 

Randall points out that such 
findings, while crucial, say nothing 
about the behavior of clouds in a 
changed climate. Most global climate 
models suggest that a greenhouse 
warming would increase the forma
tion of high-altitude cirrus clouds, 
which in turn would amplify the 
warming, "but there is no way of 
knowing if we're right," he notes. Al
though workers can test some aspects 
of their models against the paleocli 
matic record-by examining ice cores, 
oceanic sediments or tree rings, for 
example-the record is mute on the 
subject of cloudiness.  

Modelers also worry that they may 
be overlooking important cloud-relat 
ed variables. Two years ago, for exam
ple, a group headed by Charlson creat
ed a furor by proposing that sulfur
containing excretions of plankton may 
exert a powerful influence on cloud 
formation and thereby on climate. Ste 
phen E .  Schwartz of the Brookhaven 
National Laboratory recently cast 
doubt on the theory. He argued that if 
Charlson were correct, then sulfur 
emissions from human activities in 
the Northern Hemisphere, which are 
roughly double the sulfur emissions 
from plankton, should have led to per
ceptible climatic changes. In fact, 
Schwartz reported, that is not the case. 

Tony Slingo of the National Center 
for Atmospheric Research in Boulder, 
Colo., thinks the plankton issue is far 
from resolved. Indeed, he fears that 
modelers trying to forecast climatic 
change face so many uncertainties 
that "the real atmosphere will give us 
an answer before we can predict it,  
and then we'll just be trying to under
stand how it happened." 

Is there any silver lining to the cloud 
problem? Perhaps, according to Cess. 
"Modeling groups used to do their 
own thing," he notes. "Now we're all 
working together." -John Horgan 
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1979 ,..... 
HUGE DISCOUNTS ON TOSHIBA EPSON 

LX 800 180 CPS ................... $179 
FX 850 264 CPS .................. CALL 
EX 800 300 CPS .................. CALL 
FX 1050 264 CPS ................ CALL 
DFX 5000 533 CPS ............. CALL 
La 500 180 CPS .................. CALL 
La 850 264 CPS .................. CALL 
La 950 264 CPS .................. CALL 
La 1050 264 CPS ................ CALL 
La 2550 NLa 324 CPS ....... CALL 
TOSHIBA PRINTERS 

P321 SL ................................ CALL 
P321 SLC (color) .. ... ............ CALL 
P341 SL .......... . . .................... CALL 
P351 SX ......... .. .................... CALL 
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Logitech 

Serial Mouse ............................... $68 
Hi-Res Bus II .. ..................... . ........... 86 
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Paint brush Bus or Serial ..... 98 
Easy CA Bus or Serial. .  .. ......... 127 
Paintbrush wfWindows 

Bus or Serial ...................... . ..... .... 135 
Mouse System 
Mousel&1I 
W/Autosketch Bus or Serial ........ 107 
Pop-Up Menus Bus or Serial ......... 87 
PS/2 ............................... . .. ........... ... . 60 
Omni Mouse (Serial only) . .. .... ... .. 55 
Mitsi "E-Mouse" .................... 75 
Mouse Mat .. _ ....................... 3.99 

320 ....................................... $350 
321 ........................................... 499 
390 ......................................... 499 
391 ........................................... 699 
393 ......................................... 999 
393 (color) ............................ 1099 
182 PluslParaliel .................... 239 
SWITCH BOXES 

PUSHBUTTON 
448010 2 pos. 25-pin AB ....... $25 
448052 2 pos. 36-pin AB .......... 28 
ROTARY 
448028 3 pos. 25-pin ABC ........ 25 
448060 3 pos. 36-pin ABC ........ 28 
Other Switch Boxes ........... CALL 
PRINT BUFFERS 

PRACTICAL PERIPHERALS 

64K parallel or serial ........... $145 
256K parallel or serial ............ 219 
HANZON 

64K universal ......................... 250 
SMG 

PB36 256 parallel ................... 199 

VIDEO CARDS 
Paradise Short color CGA . ........ . $59 
Paradise Mono Graphics " ............ 79 
Paradise EGA 350 ... . 159 
Paradise EGA 480 .. 179 
Paradise VGA Plus ............ .. . . ....... 275 
Paradise VGA Plus 16 ................. . 299 
Paradise VGA Professional .. . ...... 465 
Generic Hercules compatible ........ 80 
Generic color compatible ..... 79 
Hercules color ...  155 
Hercules Graphics PLUS ....... 179 
Hercules inColor card . .............. 255· 
Hercules VGA .............................. 189 

Vega Deluxe EGA ...................... ... 225 
Orchid Pro Designer VGA ........... 325 

*$139 with purchase of any monitor. 

BOARDS & CHIPS 
MULTIFUNCTION BOARDS 

AST 

Six Pak Plus 384 XT .... $279 
Rampage 286 wl512K ... .. 399 
Rampagel2 PSI2 50&60 . ................ 549 
Advantage Premium wl512K 399 
Advantagel2 PS/2 50&60 .... 499 
XFormer/286 ........ 599 
Hotshotl286 ........... . .......... ...... 325 
ORCHID 

Twin Turbo 12 . 
Tiny Turbo 286 . 

.. .......................... 389 

Ramquest PSI2 50/60 wl2MB 
INTEL ABOVEBOARD 

275 
... 645 

CHIPS 

256K RAM (all speeds) ...... ........ .. CALL 
MATH COPROCESSORS 

Intel 8087 math (5 MHz).. .. .. $90 
Intel 80871 math (8 MHz) ........... 175 
Inte180872 math (618 MHz) ........ 129 
Intel 80287 math (6/8 MHz) ........ 139 
Intel 802878 math (8 MHz) ... ........ 205 
Intel 8028710 math (10 MHz) .......... 239 
Intel 8038716 math (16 MHz) .......... 375 
Intel 8038720 math (20 MHz) .... 419 
Intel 8038725 math (25 MHz) ......... 530 
NEC V-20-8 .................... .. ... 9.99 

Above Board Plus wl512K ... 399 CUMULUS 

Above Board Plus I/O wl512K .......... 475 CuRam 80- 1,2.4 or 8MB for 

Above Board 2 Plus PSI2 Models 70 &80 . .. ....... CAll 
for PSI2 models 50 & 60 Cu360 ext. 360K FDD PS/2..... . ... $199 
Inboard 386 PC w/l MB Cu1200 ext. 1.2MB FDD PS/2 ...  249 

3'h" SSOO 12.00 

3'h"DSOO 14.00 
,,,. DSDDHD 32.00 
sv." DSDD 8.00 

OCl00A $13.50 

OClOOA 17.50 

DC300XlJP 21.50 

OC600A 23.00 

OC6OOHC 215.50 

OC615HC 19.00 

sv." 
OCl(XJ() 14.50 

DSOO!I6TPI 17.00 OCl(XJ() aloha 20MB' 15.50 

OCl(XJ() delta 20MB' 15.50 ��All 14.00 
OC2000 17.00 �=�--I ·formartetJcaffridges r SSOO·· 20.00 Ouantity Discounts Available 

rDSDD·· 24.00 

ELEK-TEK�inc. 
Corporate .CCO,",'. Invited, minimum order $15.00 Visa or MasterCard by Mall or Phone. Mall 
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Write tor tree catalog DUNS '09-718-0517 
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ELEK-TEK8 
U./Dleblo 

MODEMS 

1200B Baud .......................... .. 
2400B 2400 .............................. 429 
Compatible (including software) 
Practical Peripherals 1200 baud 64 
Practical Peripherals 2400 baud 129 
Everex 1200 baud ...................... 69 
Everex 2400 baud .................... 139 
HAYES External (no software incl.) 

U.S. 1200 baud ......... 179 
U.S. Robotics 2400 baud ........ 299 
U.S. Robotics 2400E ................ 385 
U.S. Robotics 9600HST ........... 599 
Prac. Peripherals 2400 baud Mini 79 
Practical Peripherals 2400 baud 179 

2400 PS/2 ...................... 175 
1200 Baud ................................ 289 rb���!ft:r.'tr,'!l!lW!'ft'-'!'-'!I!II 
2400 Baud ................................ 439 
FOR TOSHIBA PORTABLES 

2400 Baud Internal Modems 
For T1000 ............................... $209 
For 1100 1200,3100,5100 ..... 239 

MONITORS 
ZENffH 

Zenith ZCM- 1490 flat screen 
14" VGA color monitor .. .. .. ........ . $599 
SAMSUNG 

Samsung Flat-screen Amber ... .......... 115 
Samsun Multis nc ........ .. .... 399 
NEC 

Multisync 2A color. 
Multis nc 3D . 

AMDEK 

410A, 410G, 410W 12" . 
432 14" Mono Analog. 
632 14"VGA . 
732 I 2"  Color . 
735 14" Smartscan 

SONY 

CPD 1303P Multiscan. 

PACKARD BELL 

...... 499 
............ CAll 

.... 150 
.. ....... 159 

.. ........... 375 
. ...... 399 
........ 499 

. ........ 425 

12"Amber. 
14"EGA Color. 

.................. $ 79 
............ 335 

.. .. 229 
9 9  

..... 105 
14"CGA Color. 
14"Amber Flat Screen . 
14'White Flat Screen. 

Surge Protector Strips 
Isobar 4-6 4 outlet .............. . ...... .......... $42 
Isobar 8- IS outlet . ..... ......................... .... 57 
Isobar 8· 15RM 8 outlet w/remote 65 
Line conditioners/stabilizers 
LS600 2 outlet 600 watt . ...................... ... ... 85 
LC 1200 4 outlet 1200 watt .......... 145 
LC1600 6 outlet 1600 watt .... 199 
Command coi'lsoles 
Perma PR609 .......... ........... 11.99 
Perma Power 6 outlet ..... .. .......... ......... 28 
Perma RS562 Power Cmdr ... 65 
Perma RSS10 ...... .... .. ...... 50 
CC1612 ........................................... .............. 69 
CC16-Plus built-in modem prot. 
Standby power systems 

............. 75 

BC325 325 watt system .... ................... .. 269 
BC450 450 watt system ....... .................... 299 
BC750 750 watt system ... 499 
BC1200 1200 watt system ......... 650 
BC2000 2000 watt system ............. ........ 1199 
Adapter 
PT209 ...................................................... 19.99 
ALL lRlPPUTE & PERMA POWER SUPPUES 

IN STOCK AT DEEP DISCOUNTS 

• 100°0 Hayes Compatible • 2 Year Warranty 
Internal-with ProComm 

I 
External-no 

Software $199 software $239 
$99 $129 

DRIVES & BACKUPS 
HARD DRIVES 

SEAGATE 

Internal Hard Disk Subsystems 
20 Megabyte w/Contr. XT . $299 
20 Megabyte 3.5" w/Cont . .... 329 
30 Megabyte RLL. XT ........... 329 
40 Megabyte 40 MS V,HT . ... 399 
40 Megabyte 28 MS V,HT ... . 450 
80 Megabyte 28 MS ............. 649 
123 Megabyte 28 MS 
with controller ................... ... 899 
MINISCRIBE 

30 Megabyte RLL XT .... ........ 299 
40 Megabyte 28 MS '/ZHT .... 499 
70 Megabyte 28 MS ............. 599 
HARD DRIVE CARDS 

Western Digital 30 PS 
30MB .................................. $350 
PLUS DEVELOPMENT 

20MB Hard Card .......... ......... 499 
40MB Hard Card . . ................. 599 
TAPE BACKUPS 

Alloy 40MB Xl; AT or PS/2 . $299 
Mountain Internal 

40MB XT or AT .. . ..................... 379 
60MB AT .. . . . . .... . . . ...................... 899 
60MB PS/2 ............................... 975 
Mountain External 

40MB XT or AT ........................ 575 
150MB XT or AT or PSI2 ....... 1499 
150MB PS/2 .... .. ............... 1499 
Full Line of Mountain PC & PS/2 
Tape Drives Available 
DISK DRIVES 

TOSHIBA 
ND 04D V,ht. 360K DSDD 

(PC/XT) ........................... .......... $79 
ND 04DEG Vlht. 360K DSDD 

(PC/AT) .................................. ...... 79 
NO 08DEG 1.2MB (PC/AT) ....... . 90 
ND 352KU 3.5" 720K (XT/AT) ... 90 
ND 356T 1.44MB (PC/AT) . ....... 115 

FAX MACHINES 
AT&T 

3410D . 
3510D .. 
3520D . 

BROTHER 

.. ............... $ 899 
. .............................. ........ 1399 

. ............................ 1399 

Model 195 with phone and 
answering functions . $999 

RICOH 

RF800 . ... . ...... ... $699 
TOSHIBA 

Model 3300 ................. $1099 
Model 3700 .. .. .. .... ..... 1349 
PERMA POWER STRIP FO!? FAX 
Perma RTD 410 . . ............................... $45 

6557 N orth Lincoln Avenue, Chicago Illinois 60645 Call in IL 312·982·5765 
Call Toll Free 800-621 ·1269 - Except IL, AK Canadian Toll Free 800·459-9133 

Prices subject to change, all products subject to availability. 
ALL ELEK·TEK MERCHANDISE IS BRAND NEW, FIRST QUAliTY AND COMPLETE. 

RETURN POLICY All sales are final except defectives which Will be replaced With Identical 
merchandise only wlthm 30 days (computers and large pertpherals - 3 work days) after 
which manufacturer s warranty applies 
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Ambidextrous Universe 
New particles blur distinction 
between fermions and bosons 

The world may be divided into 
people who divide the world into 
two categories and those who do 

not, but any physics student knows 
the world is actually divided into fer
mions and bosons. Fermions are sub
atomic particles that include the elec
tron, proton and neutron and are tra
ditionally referred to as the building 
blocks of matter. Bosons include pho
tons and are traditionally referred to 
as the particles that transmit the forc
es of nature. 

Now a paper submitted to Physical 
Review Letters by Tom D. lmbo, Chand
ni Shah 1mbo and E .  C. G. Sudarshan of 
the University of Texas at Austin main
tains that under certain circumstances 
the distinction breaks down altogeth
er. The authors have introduced vari
ous new particles including a type 
they call "ambions," which act like 
both fermions and bosons. 

Fermions and bosons differ in many 
ways. Fermions have half-integer spin, 
that is, 1/2,  3/2 and so on; bosons 
have integer spin, that is, 0, 1, etcetera. 
Fermions are described mathematical
ly by an "anti symmetrical wave func
tion." If the positions of two fermions 
are interchanged, the mathematical 
object that describes the state of the 
system is multiplied by - 1 .  Bosons, on 
the other hand, have a "symmetrical 
wave function." If the positions of two 
bosons are interchanged, the wave 
function remains unchanged. 

Such differences give fermions and 
bosons radically different properties. 
Two identical fermions cannot be at 
the same place at the same time, be
cause in that case if the particles inter
changed their positions, the wave 
function would have to remain un
changed but be its own negative
clearly impossible. Bosons, on the oth
er hand, tend to stay together, a phe
nomenon that manifests itself in the 
famous "Bose-Einstein condensation." 

Why should physicists abandon the 
classification? "Well," as Sudarshan 
says, "it's been around 50 years, even 
longer than the lifetime of a Volvo." 

More seriously, until recently scien
tists have assumed that the particles 
are moving in ordinary three-dimen
sional space, which enables the dis
tinction between fermions and bosons 
to be made. Yet on a two-dimensional 
plane, for instance, particles can act 
like something intermediate between 
bosons and fermions. They will dis
play characteristics that are neither 
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those of bosons nor of fermions but 
somewhere in between. Such particles 
have been well studied in the past five 
years : they obey "fractional" statistics 
and are often referred to as "anyons." 

The spaces investigated by the Tex
as group have topological properties 
that make particles behave like both 
fermions and bosons at the same time. 
One example is provided by two iden
tical particles moving on a sphere 
where the diametrically opposed 
points on the surface are identified. A 
two-boson wave function will become 
a two-fermion wave function after the 
particles traverse certain loops in this 
space. "It reminds us of Moses climb
ing the mountain," says Sudarshan. 
"When he returned he was a changed 
man." Such particles are the ambions. 

Because anyons exist on two-dimen
sional surfaces, they are believed to be 
important in such widely studied phe
nomena as the quantum Hall effect 
and high-temperature superconduc
tivity-which are surface phenomena. 
As for ambions, which exist on more 
bizarre two- and three-dimensional 
spaces, Sudarshan says, "We may have 
to climb the mountain before we 
know." - Tony Rothman 

Gamma-Ray Bursts 
Two groups take stabs at 
a persistent cosmic puzzle 

More than 20 years ago Ameri
can and Soviet satellites moni
toring nuclear-testing treaties 

first detected powerful pulses of gam
ma rays emanating from outer space. 
Since then nearly 1 ,000 such gamma
ray bursts, lasting from less than a 
second to several minutes, have been 
detected in all regions of the sky. None 
has ever been linked to a particular 
object. Astronomers have even disa
greed over whether the bursts origi
nate in the Milky Way or far beyond it. 

Two groups have now fingered high
ly magnetized objects in our galaxy as 
probable perpetrators of the bursts
or at least of a substantial number of 
them. One group, led by Donald Q. 
Lamb, Jr., of the University of Chicago 
and Edward E. Fenimore of the Los 
Alamos National Laboratory, drew its 
inspiration from high-resolution ob
servations made by Japan's Ginga sat
ellite of a burst last year. The burst 
included not only gamma rays but 
also X rays. The distinctive spectrum 
of the X rays indicated that they had 
been scattered by cyclotron radiation, 
which is produced when charged par
ticles are accelerated by a magnetic 

field. At least 20 percent of all bursts 
exhibit a similar X-ray spectrum·. 

On comparing the data with com
puter models, Lamb and his col
leagues concluded that the burst de
tected by Ginga must have originated 
in the presence of a magnetic field 
more than a trillion times more pow
erful than the earth's. Only a neutron 
star, created when an ordinary star 
collapses, Lamb says, can generate 
such a strong magnetic field. Others 
have proposed mechanisms that 
might have triggered the bursts-a 
thermonuclear fire storm at the sur
face of the neutron star perhaps or 
a "quake" beneath its surface-but 
Lamb emphasizes that these theories 
are speculative. 

Other workers, led by M .  Boer of the 
Center for Space Radiation Studies 
in Toulouse, have advanced a more 
precise explanation for a smaller sub
set of gamma-ray observations. Most 
bursts are singlets-they flash once in 
a specific region of the sky and never 
again-but three so-called gamma-ray 
repeaters have been identified. The 
repeating bursts are substantially 
softer, or lower in energy, than the 
spectrums of "classical" bursts. 

In Nature, Boer and his colleagues 
point out that the spectrum of the 
repeating bursts resembles the spec
trum of radiation emitted by matter 
falling onto a highly magnetized white 
dwarf star. The workers propose that 
the bursts begin when a comet passes 
near a white dwarf and breaks into 
pieces ;  each time a fragment of the 
comet tumbles onto the star, it spews 
out a shower of gamma rays. 

Bohdan Paczyllski of Princeton Uni
versity thinks the two proposals are 
interesting but certainly not definitive, 
since they are based on analysis of so 
few events. "Gamma-ray bursts," he 
notes, "are quite a zoo of phenomena." 
He suggests that the Gamma Ray Ob
servatory, due to be launched by the 
National Aeronautics and Space Ad
ministration next year, should help 
bring order to the zoo. -JH 

TECHNOLOGY 

Energy Re-energized 
Congress plans to take 
a hard look at energy R&D 

The gloomy prospect of future 
greenhouse warming, together 
with investment in new energy 

technologies by foreign nations, is 
brightening the outlook for renew-
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able-energy technologies and energy 
conservation. Federal spending in 
those fields peaked in the 1 9 70's be
cause of the oil crises and then after 
1 980 fell by 70 percent. 

Emphasis on renewable-energy re
sources and improvements in energy 
efficiency might mitigate future global 
warming by reducing emissions of 
carbon dioxide and other gases. Al
though nuclear power offers similar 
advantages, its bad public image 
seems, for the present, to rule out any 
expansion in the U.S. Renewable re
sources such as sun, water and wind 
now account for 9 percent of the u.s. 
energy supply. Energy research is to be 
the principal focus this year of the 
House science and technology com
mittee, and members of both houses 
have introduced "greenhouse" bills 
that would mandate budget increases 
for energy research. Representatives 
Marilyn Lloyd of Tennessee and Philip 
R. Sharp of Indiana have jointly spon
sored a bill that would protect renew
able-energy research by providing 
three-year funding authority. 

Fear that the U.S. might lose its posi
tion in energy-supply markets and the 
growing reliance on oil imports are 
perhaps just as much motives for the 
new concern. Several witnesses at re
cent hearings noted that Germany and 
japan have overtaken the U.S. in pho
tovoltaic research. japan spends twice 
as much as the U.S. and now has the 
largest share of the market. -T.MB. 

Fusion Breakthrough? 
Remarkable claims generate 
excitement and skepticism 

S eparate investigators claimed in 
March to have demonstrated nu
clear fusion at room tempera-

ture by an entirely new technique. Ex
isting methods require either high 
temperatures and pressures to ig
nite the fusion fuel or subatomic par
ticles known as "muons" to catalyze 
fusion at room temperature. The 
claims face profound skepticism : "I 
would bet my house that they're 
wrong," says William Happer, jr., of 
Princeton University. If the results are 
confirmed, however, they could have 
far-reaching implications for the 
world's energy future. 

The first claim came in a press con
ference held jointly by Martin Fleisch
mann of the University of Southamp
ton, England, and B. Stanley Pons of the 
University of Utah. They reported de
tecting fusion in heavy water (deuteri
um oxide) that was electrolyzed with a 
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cathode made of the metal palladium. 
Palladium can absorb large quantities 
of deuterium, an isotope of hydrogen. 
According to Fleischmann and Pons, 
deuterium atoms become entrapped 
in the palladium, where they fuse to 
form heavier nuclei. 

The putative evidence for fusion is 
that large amounts of heat are gener
ated : the energy density is about five 
megajoules per cubic centimeter, ac
cording to Fleischmann- l O  times 
more than from any chemical reaction. 
The workers say the rate of energy 
output is greater than the input sup
plied as electricity. By-products such 
as neutrons and tritium (another hy
drogen isotope) are also said to be 
produced, but in quantities a billion 
times smaller than would be expected 
from known fusion reactions. 

The experiments were conducted 
over five years at the University of 
Utah at the investigators' own ex
pense. The university has applied for 
patents covering the technique. A pa
per describing the results will be pub
lished this month in the Journal of 
Electroanalytical Chemistry. Fleisch
mann says, "Our indications are that 
the discovery will be relatively easy to 
make into a usable technology for gen
erating heat and power." 

A separate claim of "considerable 
evidence for a new form of cold nucle
ar fusion . . .  (without muons)" is being 
made by Steven E .  jones of Brigham 
Young University. jones, well known 
for his work on muon-catalyzed fu
sion, will describe his work at the May 
meeting of the American Physical Soci
ety in Baltimore. According to an in
vestigator familiar with the work, 
jones also relies on electrolysis but 
does not use palladium and finds a far 
smaller rate of fusion. - T.MB. 

Quantum Cryptography 
Single-photon communications 
can outwit eavesdroppers 

F or as long as mathematicians 
have been creating ciphers to 
keep messages secret, other 

mathematicians have been breaking 
them. Whenever an eavesdropper in
tercepts a message, its encoding algo
rithm and key can eventually be de
duced and the secret compromised. 
Matters have improved a bit in the 
1 980's. With the Data Encryption Stan
dard, knOwing the algorithm purport
edly offers the code breaker no help, 
and with public-key cryptosystems, 
even knowing half of the key is not 
enough to break a cipher qUickly. 

A new technique called quantum 
cryptography takes another approach: 
an eavesdropper cannot even listen 
in on a message without alerting the 
sender and receiver to the attack. 
There are a few hitches, of course
transmission is slow, the system can 
operate over distances of a few kilo
meters at best and only random bits 
can be communicated. 

Developed by Charles H. Bennett of 
the IBM Thomas j. Watson Research 
Center and Gilles Brassard of the Uni
versity of Montreal, quantum cryptog
raphy relies on the fact that measur
ing a quantum-mechanical system 
such as a photon irrevocably changes 
its state and destroys information 
about the details of the state before 
measurement. An eavesdropper must 
make a measurement to gain informa
tion, and so any eavesdropping scram
bles the original message. 

In the physical setup developed by 
Bennett and Brassard, the "quantum 
channel" consists of a device that 
sends single photons whose orienta
tion is either rectilinear (vertical or 
horizontal ) or diagonal (4 5 or 1 3 5  de
grees from the hOrizontal) and a de
tector at the other end that reads the 
polarization of incoming photons. If 
the photon and the detector are both 
oriented in the same fashion (whether 
rectilinear or diagonal), the detector 
will be able to determine the polariza
tion (vertical or horizontal, 45 or 1 3 5  
degrees) correctly, but if the two are 
oriented differently, the results will be 
random : a diagonal photon always has 
a 50 -50 chance of passing through a 
rectilinear detector, and vice versa. 

To communicate the sender trans
mits a string of bits in a random series 
of orientations. The receiver chooses 
another random series of orientations 
for detection. After the transmission 
the receiver reports to the sender, 
through a conventional channel, the 
series of orientations selected for de
tection; the sender says which ones 
were correct. The resulting set of bits, 
known to both sender and receiver but 
to no one else, can then serve as a key 
for a conventional encryption scheme 
that is capable of sending actual 
messages. 

An eavesdropper trying to measure 
photons and then retransmit them 
has an even chance of choosing the 
wrong orientation and thus passing 
on a photon that will be read by the 
intended receiver-using the correct 
orientation-but will produce a result 
that does not match the sender's. Any 
tampering would thus be readily de
tectable. Noise could mask some 
eavesdropping, but Bennett, Brassard 
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and Jean-Marc Robert of McGill Univer
sity in Montreal have worked out er
ror-correcting techniques that make 
such eavesdropping ineffective. 

How might all of this work in the 
real world? Photomultipliers can de
tect a photon every 20  to SO nanosec
onds, and so the basic transmission 
rate is about 20 million pulses per 
second, but as Bennett points out, 
each pulse should be attenuated to an 
average of about . 1  photon to reduce 
the probability of generating a two
photon pulse that could be split and 
eavesdropped undetectably. Half of 
the pulses will be thrown away be
cause they have been read in the 
wrong orientation, and photomultipli
er tubes are only about 30 percent 
efficient in any case. The net rate is 
perhaps 300,000 bits per second-be
fore factoring in random noise-and 
the range for sending a single photon 
is a few kilometers at best. 

Bennett has set up a demonstration 
system, and Brassard is writing the 
software. They expect to transmit a 
few thousand bits per second early 
this summer, enough to show that the 
idea works. Although quantum cryp
tography may be impractical, Bennett 
says, the concept of security guaran
teed by physical laws is both appeal
ing and intriguing. -Paul Wallich 

BIOLOGICAL SCIENCES 

Playing Demigod 
Biologists find limits to 
tinkering with reproduction 

What ever happened to the idea 
of cloning a human being? 
Not long ago the prospect of 

generating duplicate individuals from 
single cells was topical enough to in
spire a Doonesbury cartoon and 
seemed probable enough for the pub
lishers of David M .  Rorvik's 1 9 78 book, 
In His Image: The Cloning of a Man, to 
preface the story with a disclaimer. 
Yet as biologists have become more 
familiar with the mechanisms of 
mammalian reproduction, they have 
also become increasingly aware of 
their own limitations. 

Whereas procedures such as artifi
cial insemination, in vitro fertilization 
and in utero genetic testing have be
come matter-of-fact, other technolo
gies have drifted into the realm of 
science fiction. The experiments of 
Karl Illmensee, a former University of 
Geneva embryologist, offer a case in 
point. In the late 1 9 70's lllmensee re
ported in the Proceedings of the Na
tional Academy of Sciences that he had 

produced so-called gynogenetic mice 
by removing the male chromosomes 
from a fertilized egg and artificially 
doubling the female chromosome s ;  in 
a 1 9 8 1  article in Cell he claimed to 
have cloned mice by replacing the nu
clei of fertilized eggs with nuclei from 
the cells of a single blastomere (an 
early embryo). In a 1 982 article in the 
Proceedings, Illmensee described mice 
born from fertilized eggs whose nuclei 
had been replaced with those from 
parthenogenetic embryos, that is, em
bryos that had developed in the ab
sence of the male gamete. 

Other workers tried in vain to repro
duce Illmensee's results. M. Azim Su
rani and his colleagues at the Agricul
tural and Food Research Council's 
Institute of Animal Physiology and 
Genetics Research in Cambridge wrote 
in Science that they could not get gy
nogenetic or parthenogenetic mouse 
embryos to survive beyond mid-gesta
tion. Davor Solter and James McGrath 
of the Wistar Institute of Anatomy and 
Biology told Science that embryos cre
ated by nuclear transplantation from 
blastomeres would not develop to 
term. Meanwhile, accusations by mem
bers of Illmensee's laboratory prompt
ed investigations of his research prac
tices that culminated in his resigna
tion in 1 987.  
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. Yet Illmensee's experiments were 
believable because the results he de
scribed were, and still are, theoretical
ly possible. Whole plants can be regen

. erated from single cells, and the nuclei 
from tadpole cells, transplanted into 
fertilized frog eggs, can give rise to 
whole frogs. "In each and every cell is 
all the information necessary to make 
a full-grown duplicate of its host," 
says the mad hero of Jeremy Leven's 
novel Creator, who is trying to regen
erate his departed wife. As Leven's 
hero discovers, however, the chromo
somes of some species of mammal 
thwart such ambitions. Mammalian 
chromosomes undergo changes very 
early in development that render 
much of the information they contain 
inaccessible. 

Why this inactivation happens has 
become the million-dollar question of 
20th-century developmental biology. 
It does not occur, however, at the same 
point in development in every mam
malian species. The chromosomes in 
the embryos of certain livestock, for 
example, retain their ability to direct 
development longer than do the nu
clei in mouse embryos, a fact that 
Steen M. Willadsen of Alta Genetics, 
Inc. ,  in Calgary has exploited to clone 
elite cattle and sheep. Willadsen cre
ates the clones by separating individu-

al cells from four-, eight- or even 16-
cell embryos, culturing them for sev
eral days and placing them in surro
gate mothers. He has also succeeded 
in fusing the separated cells to enucle
ated, fertilized eggs-a type of nuclear 
transfer. 

Willadsen does not doubt that clon
ing will have an impact down on the 
farm. Research on parthenogenesis 
and nuclear transplantation might 
someday influence human breeding as 
well. One offshoot of such research is 
the discovery of imprinting, a process 
that distinguishes in an embryo the 
chromosomes contributed by the fe
male from those contributed by the 
male. No one knows the mechanism of 
imprinting, but it seems to be involved 
in coordinating the developmental in
structions in the two sets of chromo
somes. It has also been implicated in 
malignancy, most recently in a Nature 
article exploring predispositions to 
bone cancer. 

Many biologists think imprinting is 
the reason chromosomes from a 
male-not just any chromosomes
are required for normal development 
in a mammalian egg. It could also be 
the reason the genes in somatic cells 
lose their ability to direct develop
ment. "You could argue that, if you 
find the mechanism of imprinting, you 

could reverse it," says Surani in Cam
bridge. But he says the chances are 
remote-which may explain why, in 
New York City libraries, Rorvik's book 
is found on the shelves otherwise re
served for the occult. -Karen Wright 

Quantum Biology 
Hydrogen tunneling contributes 
to an enzyme reaction 

I t has been known for some years 
that electron tunneling-a quan
tum-mechanical effect that en

ables an electron to circumvent an 
energy barrier-has a crucial role in 
many biological reactions, such as 
photosynthesis. Now researchers at 
the University of California at Berkeley 
report that tunneling by hydrogen 
contributes to an enzyme-reaction 
mechanism under biologically rele
vant conditions. 

The enzyme, a yeast alcohol dehy
drogenase, speeds up the conversion 
of benzyl alcohol into benzaldehyde, a 
transformation that involves cleaving 
a hydrite (a hydrogen atom with an 
electron) from an alcohol molecule. 
The enzyme boosts the rate of this 
transformation enormously by lower
ing the energy barrier that must be 
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surmounted in order for the reaction 
to take place. 

A semiclassical model compares the 
binding of the hydrogen to the alcohol 
molecule with the behavior of a mass 
on a spring. The model predicts that 
an ordinary hydrogen nucleus-a pro
ton-can hurdle the energy barrier 
more easily than the heavier isotopes 
deuterium and tritium, This means 
that the reaction rate for ordinary hy
drogen should be faster than that for 
deuterium and tritium. How much 
faster can be calculated precisely. 

If, however, quantum tunneling con
tributes to the reaction, the reaction 
rate for ordinary hydrogen should be 
greater than the rate predicted by the 
semiclassical model. According to 
quantum mechanics, a particle's posi
tion is uncertain; the probability of 
finding it at a given point is smeared 
out in space. Tunneling can occur if 
the region of uncertainty extends to 
the other side of an energy barrier. 
Because particles with smaller mass 
have a greater uncertainty in their po
sition, they have a higher probability 
of tunneling. In biological molecules, 
electrons tunnel readily across dis
tances of tens of angstroms, whereas a 
proton should tunnel less than one 
angstrom. The heavier hydrogen iso
topes, deuterium and tritium, are even 
less likely to tunnel. 

To see if tunneling is a factor in the 
reaction rate, Yuan Cha, Christopher J. 
Murray and Judith P. Kiinman pre
pared two versions of the alcohol, with 
specific sites on the molecule occu
pied by an ordinary hydrogen and a 
tritium in one, and a deuterium and a 
tritium in the other. During the reac
tion a benzyl alcohol molecule loses a 
hydrogen atom to a molecule of nico
tinamide adenine dinucleotide ( NAD ). 
The workers determined how much of 
each isotope became bound to NAD. As 
they report in a recent issue of Science, 
the rate at which ordinary hydrogen 
was transferred was greater than the 
rate predicted semiclassically, which 
would indicate that the reaction is 
assisted by tunneling. 

What is more, the enzyme may facili
tate tunneling not only by lowering 
the energy barrier but also by narrow
ing it. This could occur if the enzyme 
brings the active sites on the NAD and 
the alcohol very close together. "The 
next step is to see what happens if the 
molecules are kept farther apart," re
marks Chao She adds that it may be 
possible to design mutant enzymes 
that would alter the distance between 
the molecules. 

The observation of hydrogen tun
neling could have wide implications, 

because many biochemical reactions 
involve the transfer of hydrogen. Pre
liminary results from another Berke
ley experiment suggest hydrogen tun
neling occurs in a reaction mediated 
by plasma aminoxydase, an enzyme in 
blood. Indeed, Cha says, "hydrogen 
tunneling could turn out to be com
mon in biology." -June Kinoshita 

MEDICINE 

Balloon Trial 
Drugs and "watchful waiting" 
may suffice after heart attacks �lot lodges in a coronary artery 

already narrowed by fatty de
posits, cutting off the flow of 

blood to ceaselessly pumping heart 
muscle. The victim has a heart attack: 
the muscle, starved of blood, is in
jured or killed. Newly available drugs 
such as tissue plasminogen activator 
(t-PA),  given within a few hours, can 
dissolve the clot and restore blood 
flow to the muscle. The reopened ar
tery remains narrow, however, leaving 
some heart-attack victims with contin
uing angina, or heart pain, and a high 
risk of a second attack. Should phYSi
cians routinely try to widen the artery 
so as to forestall such complications? 

A large-scale study has tested the 
value of a common means of doing so, 
called percutaneous transluminal cor
onary angioplasty. In the procedure a 
catheter is inserted into an artery and 
snaked through the circulatory sys
tem until its tip reaches the narrowed 
coronary artery. A small balloon at the 
catheter tip is inflated, compressing 
the deposits and widening the artery. 
The procedure is valuable for treating 
existing angina ; it seemed likely that, 
done preventively in the first few days 
after a heart attack, angioplasty would 
reduce the risk of future angina or a 
second attack. Many hospitals now 
perform it prophylactically. 

The study's results, reported in the 
New England Journal of Medicine, sug
gest this costly practice of routine 
angioplasty is unnecessary. The study, 
sponsored by the National Heart, 
Lung, and Blood Institute and chaired 
by Eugene Braunwald of Harvard Medi
cal School, included some 3 ,200 pa
tients in 50 hospitals. All the patients 
were given t-PA within four hours of 
the onset of their heart attack. 

Subsequent treatment of half of the 
subjects followed an invasive strategy. 
Between 18 and 48 hours after the 
drug treatment, a dye was pumped 
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through a catheter into the patients' 
coronary arteries to make them visible 
on X-ray images. If the artery in which 
the clot had lodged was still partly 
blocked and was otherwise suited to 
the procedure, angioplasty was done. 

Treatment of the other group of 
patients was conservative. Cardiac 
catheterization and angioplasty were 
done only if recurrent angina or ab
normal electrocardiograms indicated 
that the heart was still blood-starved. 
A total of 1 3 .3  percent of the conserva
tive-strategy patients ended up having 
angioplasty, in contrast to 56 .7  per
cent of the invasive-strategy patients. 

Yet the two groups fared equally 
well over the next six weeks. During 
that time 10.9 percent of invasive
strategy patients either died or suf
fered a second nonfatal heart attack; 
the figure was 9.7 percent for conser
vative-strategy patients. The groups 
were also comparable in other meas
ures of cardiac function. The figures 
are quite favorable ; even with clot
dissolving drugs, as many as 20 per
cent of patients in other studies have 
suffered reblockage of the artery with
in weeks. 

That such favorable results can 
be had by drug treatment followed 
by "watchful waiting," with invasive 
measures held in reserve, should be 
welcome news to people concerned 
about the grOwing cost and complexi
ty of medical care. It means, write 
the study's authors, that most heart
attack patients can be treated in com
munity hospitals lacking facilities 
and personnel for cardiac cathe
terization, provided the patients can 
be transferred to a more sophisticated 
hospital if need be. An editorial ac
companying the New England Journal 
report puts the potential savings at 
$ 200 million a year. - Tim Appenzeller 

Risky Business 
Has the danger of cancer from 
pesticides been underrated? 

How healthy is the apple in a 
child's lunch box? One of 
Washington's most powerful 

environmental litigators, the Natural 
Resources Defense Council ( NRDC), 
has claimed that residues of agricul
tural chemicals on fruits and vegeta
bles eaten during childhood could be 
initiating between 5 , 500 and 6,200 
cancers every year. The Environmental 
Protection Agency and many indepen
dent experts dispute the claim, but it 
has stirred widespread concern. 

In a study called "Intolerable Risk: 

Pesticides in Our Children's Food," the 
NRDC presents a formula for assessing 
the risk of cancer that takes into ac
count the many years that usually 
elapse between the initiation of a can
cer and its diagnosis. The formula 
suggests that exposure to carcinogens 
in the diet before the age of six ac
counts for more than half the lifetime 
risk of diet-caused cancer. 

The modified formula, by giving 
greater weight to children's prefer
ence for fruits and vegetables and to 
their low body weight, yields alarming 
estimates of the lifetime cancer risk 
from residues of agricultural chemi
cals. The calculations suggest that 90 
percent of the total risk from artificial 
chemicals is from a metabolic by
product of Alar (daminozide), a 
growth regulator used on peanuts and 
on apples to stop them from dropping 
off before they have ripened. 

Among other things, the NRDC'S crit
ics object to the starting point of the 
projections : the estimates of the 
chemicals' carcinogenicity, which are 
derived by feeding high doses to rats 
and mice. The effects on human be
ings of far lower doses are usually 
calculated by assuming that risk de
creases linearly with decreasing dose 
and with increasing metabolic rate. 

Bruce N. Ames of the University of 
California at Berkeley, a well-known 
skeptic about the dangers of pesti
cides, maintains that most evidence 
suggests this standard extrapolation 
greatly exaggerates the risk at low 
doses. Ames lambastes the NRDC 
study as "wildly inaccurate hysteria," 
saying he doubts that pesticide resi
dues cause any cancer deaths at all ; he 
argues further that many naturally oc
curring toxins have far more potential 
to cause cancer than pesticide resi
dues do. 

At a Congressional hearing in March, 
John A. Moore of the EPA also criti
cized the NRDC'S figures for the carci
nogenicity of Alar. The figures were 
rejected by the EPA'S scientific adviso
ry board when the agency first consid
ered banning the chemical, in 1 9 8 5 .  In 
addition, he challenged the NRDC'S 
data on food consumption, saying that 
they are based on small surveys. The 
NRDC'S Janet Hathaway replies that 
the potency data are still the best 
available and that the EPA'S own con
sumption studies are inadequate be
cause they date from the mid- 1 9 70's,  
when people consumed fewer fruits 
and vegetables. 

Even though the EPA disputes the 
NRDC'S figures, it agrees that Alar is 
hazardous. The agency, which was 
leaked the NRDC'S conclusions in De-
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cember, announced on February 1 that 
it intends to ban Alar, even though 
new cancer-potency studies the EPA 
has requested are still incomplete. 
The EPA currently estimates that Alar 
might cause 45 cancers per million 
people exposed for a lifetime ; its de
clared policy is to accept no more than 
one death per million. Alar's manufac
turer, Uniroyal, has the right to several 
levels of appeal, which could delay a 
ban for years. 

The use of Alar on apples has de
creased in recent years, although it is 
not clear by how much. It is clear, from 
one study on diet by the National Re
search Council, that people who eat a 
large quantity of fruits and vegetables 
seem to be less prone to cancer, not 
more, which suggests that the benefits 
outweigh any risks. 

The putative dangers of Alar aside, 
the NRDC report includes a number of 
broader recommendations. The EPA'S 
Moore testified that he agrees with 
some of them, such as the need to 
improve the agency's risk-assessment 
procedures. The EPA has already asked 
the National Research Council for ad
vice on assessing risk in elderly people 
as well as in infants. "Sensitive popula
tions is an issue we are going to have 
to address," concurs Ronald W. Hart, 
director of the Food and Drug Admin
istration's National Center for Toxico
logical Research. 

At the Congressional hearing Moore 
bemoaned "administrative impedi
ments" that prevent the EPA from ban
ning risky pesticides quickly. There 
are signs that Congress is willing to 
listen. - T.M.B. 

PROFILE 

Do Bees Think? 
The discoverer of bat "sonar" 
thinks about animals' thoughts 

In many respects he is the archetyp
al establishment scientist. Some 50 
years ago, while still a mere stu

dent at Harvard College, he discovered 
that bats perceive the world by bom
barding it with their cries and listen
ing to the echoes. As a professor at 
Cornell University and then at Har
vard, where he was eventually made 
chair of the biology department, he 
became one of the world's experts in 
the navigational skills of bats and 
birds. In 1965  he left Harvard to found 
a center for ethology at Rockefeller 
University in New York City, where he 
is now a professor emeritus. He has 

even written four articles for SCIENTIF
IC AMERICAN ( December 1 948, August 
1 9 50, March 1 9 54 and July 1 9 5 8 ). 

For the past 1 5  years, however, Don
ald R. Griffin has been rocking the 
establishment boat. In papers, speech
es and two books he has challenged 
those behaviorists, cognitive psychol
ogists and biologists who treat an
imals as mindless automatons re
sponding reflexively to environmental 
and genetic prodding. Griffin contends 
that it is possible and even likely that 
our fellow species-from chimpan
zees to bees-experience the world in 
a way not wholly unlike our own. He 
maintains, moreover, that if we scruti
nize animals closely enough we may 
glimpse something of their mind-set. 

At 73 Griffin himself looks some
what like a bird of prey: long, lean face, 
prominent nose and deep-set eyes un
der a brow crowned by a silver crew
cut. In an interview at his office at 
Rockefeller University, he gamely 
swoops in on the most elusive ques
tions. Asked to define "conscious
ness," he talks about flexibility of re
sponse, about the ability to remember 
the past and to form a plan of action 
for the future, about having "inten
tion." He proposes that, despite the 
contention of some philosophers, one 
can be conscious without being aware 
of one's self as a distinct entity. He 
tries to untangle the differences be
tween consciousness,  cognition and 
intelligence. Finally he pulls back, say
ing, "I try to avoid getting into seman
tic thickets." 

He seems most comfortable simply 
describing the remarkable things ani
mals do, things he believes the con
ventional stimulus-response para
digm poorly accounts for, things rife 
with intention: a chimpanzee search
ing for a stick that it can use to extract 
termites from their nest; a plover 
feigning injury to a wing to lure a 
potential predator away from its 
hatchlings ;  a honeybee waggling its 
abdomen to inform its fellows of the 
whereabouts of a field of flowers. "We 
aren't used to thinking of insects as 
conscious animals," he says, "but once 
you raise that pOSSibility, I think a 
great deal of evidence supports it." 

Griffin cheerfully concedes that his 
past successes allow him to indulge in 
his present iconoclasm. "If I had said 
these things 30 years earlier it may 
have been maladaptive, to use a bio
logical term," he says, "but I just don't 
care anymore." On the other hand, half 
a century ago many scientists also 
looked askance at the notion that bats 
locate objects by sonar. Griffin recalls 
a meeting in 1 940 at which he and an 
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early collaborator, Robert Galambos, 
had described their findings : a promi
nent biologist grabbed Galambos and 
shook him while exclaiming, "You 
can't really mean that ! "  

Growing up in the wilds of Scars
dale, N.Y., and then Barnstable, Mass., 
Griffin was fascinated by all animals. 
He trapped deer mice and skunks and 
subscribed to the Journal of Mammal
ogy and Fur-Fish-Game. Bats were al
ways a favorite research subject. As a 
teenager he crept through old houses 
and caves throughout Massachusetts 
in search of little brown bats, which he 
banded in order to learn about their 
migratory habits. The recovery of 
some of the banded animals more 
than 20 years later provided the first 
proof of bats' longevity. 

The banding expeditions also led 
him to wonder how the bats managed 
to flit so deftly through the caves' 
dark, twisting passages. After entering 
Harvard in 1 9 34, he learned that some 
biologists had speculated that bats 
might emit ultrasonic cries-at a pitch 
beyond the range of human hearing
in order to navigate. He also found a 
physics professor, George W. Pierce, 
who had an instrument capable of 
detecting ultrasound. "It was a happy 
aCCident," Griffin recalls. 

In a series of experiments, first with 
Pierce and later with Galambos, a fel
low student, Griffin discovered that 
bats do indeed emit staccato ultrason
ic "chirps" as they fly; they also be
come disoriented when their ears are 
blocked or when ultrasonic noise 
drowns out the chirps' echoes. In sub
sequent studies, Griffin demonstrated 
that some bats can detect objects less 
than a millimeter in diameter and that 
they employ echolocation not only to 
avoid obstacles but also to hunt in
sects. As a brown bat closes in on a 
moth, Griffin says, the tempo of its 
chirps speeds up from the "idling of 
an outboard motor to the buzz of a 
model-airplane engine." 

Griffin's other great obsession was 
the ability of birds to navigate and 
orient themselves with respect to the 
earth. In 1 94 1  he learned to fly and 
even bought an airplane so that he 
could study the homing ability of 
gulls. In later years he tracked migrat
ing birds with radar. As a result of his 
own work and experiments by others, 
Griffin has concluded that birds de
pend on landmarks and perhaps even 
the stars and sun as navigational aids, 
but he is skeptical of recent proposals 
that they orient themselves by sensing 
the earth's magnetic field. The issue 
remains, he says, "an uncracked nut." 

Griffin did not test his teeth on the 
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nut of animal consciousness until 
1 9 74, after the philosopher Thomas 
Nagel visited him at Rockefeller. Nagel 
was writing a paper called "What Is It 
like to Be a Bat?", which inquired 
whether human beings can know any
thing about the subjective experiences 
of other species. Although Nagel came 
to a negative conclusion, Griffin went 
on pondering the issue. He began to 
question why he and most other scien
tists had always shied away from any 
discussion of an animal's mental life 
as "unscientific." Some of the conven
tional objections were easy to dismiss, 
such as the position that ascribing 
mental states to animals smacks of 
anthropomorphism. "That's circular 
thinking," Griffin says. "You're arguing 
that animals can't think by saying that 
thinking is uniquely human." 

Testability, that fundamental princi
ple of science, posed a knottier prob
lem. Griffin had to agree with Nagel 
that in an absolute sense it is impossi
ble to either prove or disprove that 
animals have conscious thoughts. Yet 
to surrender completely to this fact 
seemed to Griffin to reflect a kind of 
solipsism-"species solipsism." If hu
mans can infer each other's thoughts 
through language, he reasoned, might 
scientists not infer something about 
animals' thoughts, by studying the 
ways they communicate, for example? 
"We are stuck with a situation where 
you can only weigh likelihoods," he 
explains, "but that's not unusual in 
science. We speculate about the first 
few seconds of the universe without 
being able to be there and do nice tidy 
experiments." 

Griffin has challenged scientists studying 
animal behavior to overcome "species solipsism" 

DONALD R. GRIFFIN records the ultrasonic chirps o f  a /ish·catching bat a t  a 
research station of the New York Zoological Society in Trinidad in the early 1 960's. 
The bats employ echolocation to detect /ish disturbing the surface of the water. 
They gaff the /ish with their long, curved talons. 
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Griffin has presented his case in two 
books so far : The Question of Animal 
Awareness, published by the Rockefel
ler University Press in 1 9 76, and Ani
mal Thinking, published by the Har
vard University Press in 1 984. The re
ception of his views has been mixed. 
"I've been accused of turning the clock 
back to Romanes [a 19th-century Brit
ish biologist who inferred elaborate 
mental processes from animal behav
ior], but I like to think we are turning 
the clock ahead to the 2 1 st century 
and escaping from behaviorism." Be
haviorism rejects subjective experi
ence as irrelevant, but its opposite 
number, cognitive psychology, also 
leaves Griffin cold. Although its practi
tioners reestablished such mental 
functions as memory, perception and 
learning as valid subjects for scientific 
inquiry, Griffin notes, they are more 
concerned with "information process
ing" than with subjective experience. 

To those who suspect Griffin of ro
mantic and even mystical notions 
about nature, he points out that he is 
an agnostic. "Natural selection is quite 
adequate for explaining nature," he 
observes. He is also neither a vegetari
an nor an animal-rights enthusiast. "I 
think animal suffering should be kept 
to a minimum," he says, "but when the 
hard choice comes to human benefits 
versus animal benefits, I'm afraid we 
have to consider our own species as 
more important." He does not even 
own a pet. "My wife and I travel too 
much." 

Although he offiCially retired from 
Rockefeller three years ago, Griffin re
mains busy. He is investigating the 
role of acoustics in the communica
tion of honeybees with a group at 
Princeton University, near his home. 
He periodically tramps through the 
New Jersey Pine Barrens and the Adi
rondack Mountains in search of clues 
to the mind-set of another favorite 
animal, the beaver. 

He is also searching for fresh exam
ples of animal ingenuity to cite in yet 
another book he is writing on animal 
consciousness. One example he has 
turned up in the scientific literature is 
the honeyguide, an African bird that 
enlists the help of humans to obtain 
the honeycomb it craves. With distinc
tive cries and flight patterns the bird 
attracts the attention of a potential 
helper and leads him to the hive, 
which may be more than a kilometer 
away. If all goes well (for the honey
guide), the helper will expose the hive 
and leave enough of the honeycomb 
for the honeyguide to gorge itself. 
"This seems sort of intentional to me," 
Griffin remarks. -John Horgan 
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Agents of Change: 
Workstations are both cause and effect 

in a changing computer environment 

by Richard M. Fichera 

1e very size of the first generation computers helped 
create the massive centralized computing complexes and 
equally centralized DP departments. Added to that was the 
fact that computers were very early woven into the main 
enterprise systems of corporations-payroll, accounting, 
etc.-where their cost could be easily justified. By their 
nature, these were centralized tasks. The model of comput
ers as a central resource was perpetuated. 

The problem with this early model of computing is that it 
did not reflect the way people like to work. Computers, like 
many other machines, are good servants but poor masters. 
When the emergence of computers forced organizations to 
modify the way people dealt with their work and with each 
other, distortions and inefficiencies crept into the working 
environment. 

The Motivation-Individual Control 
of the Working Environment 

According to Bill Paduska, founder of Apollo and now 
Chairman of the Board and CEO of Stellar Computer, Inc., 
one of the main reasons workstations are being adopted at 
such an overwhelming rate is that they address a "funda
mental desire on the part of workers to exercise individual 
control over their own work environment and resources." 
The workstation provides this control. 

The Enabling Factors 

Workstations came into existence upon the confluence of 
a number of interrelated technologies. Key among these 
were the advances in semiconductors (particularly micro
processors and memory chips) and networking. 

As the demand for chips grew, it enabled vendors to bring 
on-line large efficient manufacturing plants that could pro
duce large quantities of chips at a lower cost per chip. This 
drove prices down, which in turn stimulated demand. The 
result has been that computers have shown a continuous 
decline in price relative to performance and they are like
ly to do so in the future. Only as the system cost contribu
tion for semiconductors approaches and falls below that 
of electromechanical components, enclosures, displays and 
peripheral devices will the rate of decrease flatten out. 

When microprocessors were first released as a com mer-

The cover illustration of this section, entitled Candle, was 
created by John Grower at Wavefront Technologies. The image 
demonstrates the high-end capabilities of Wavefront Technolo
gies' software, producing accurate reflections and shadows. The 
database was created using Wavefront Technologies' Model and 
PreView programs on a Silicon Graphics Iris Workstation. The 
final image was rendered on an Edge Computer Server using 
Wavefront's Image program. 
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cial product they were regarded as little more than a toy. Yet 
the microprocessor price/performance evolution has been 
similar to that of memory. The performance of commercial 
microprocessors has continued to evolve from tiny devices 
suited for controlling sewing machines to processors that are 
capable of rivaling almost anything that today is called a 
minicomputer. 

RISC- The Next Evolution in Microprocessors 

Today there are two types of microprocessors vying for 
supremacy-the else ( Complex Instruction Set Computers) 
chips and the Rise ( Reduced Instruction Set Computers) 
chips. 

On the else chip side, the Intel and the Motorola families 
of chips are the current market leaders for workstation 
processors. They share many of the architectural features of 
the larger computers of the 1970's, including the use of 
complex instructions composed of many steps of lower level 
microcode stored on the chip. 

In recent years, work originating at IBM, Stanford Univer
sity and the University of California at Berkeley has given rise 
to a new breed of chip, the Rise chip. These systems use 
a simpler instruction set that is directly executed by the 
hardware. Typical programs require more instructions, but 
the instructions are executed faster. Rise chips are physically 
smaller and cheaper to produce for equivalent performance 
levels, and they appear to offer a two to five times increase 
in performance over Clse processors implemented in equiv
alent technology. 

The earliest major vendor to make a major investment in 
Rise technology was Hewlett-Packard, which began work 
on its RiSe-based Precision Architecture in 1981. The public 
announcement of the product was made in 1986. According 
to Michael Mahon, system architect and manager of the 
Precision Architecture project, HP made a decision that Rise 
architecture offered sufficient benefits to make it the "con
vergence architecture" that would unite all current product 
lines and serve as a platform for future growth. 

Rise is an appropriate architecture for a wide range of 
systems, Mahon says, adding that "people tend to think of 
it as a workstation solution only because the majority of 
products that have been implemented with Rise processors 
are workstations." 

The two early commercial pioneers of Rise technology 
were MIPS Inc. and Sun Microsystems. While there are 
major technical differences between the products, both 
vendors succeeded in delivering products that had high
er performance than alternative processors. With its an
nouncement of a new series of Rise workstations based 
on the R2000 chipset from MIPS, Inc., DEC is now able 
to offer advanced workstations which are competitive 
with those from Sun, Apollo and other newer workstation 
vendors. 
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The continued healthy competition between new RISC 
architectures and existing CISC designs will continue to 
fuel the rapid evolution of workstation platforms into 
the 1990's, with no slowdown in the rate of performance 
growth. 

Networking 

In addition to improvements in high-performance proces
sors, the rise of workstations was made possible through 
advances in networking that enabled users to share informa
tion and provided them access to remote corporate resour
ces. The inclusion of integrated networking was a major 
differentiating feature of the first Apollo workstations, and it 
has become an assumed function on all subsequent work
station products. There are two basic types of networks in 
use in the workstation and PC world-Ethernet and Token 
Ring. Both have now become standards, with IBM initial
ly promoting the Token Ring and most of the rest of the 
industry favoring Ethernet. Ethernet has been successful 
enough that IBM is also supporting it as a standard. 

New Computing Architectures 

But although semiconductor and networking advances 
were key ingredients in the development of workstations, 
they alone were not sufficient to cause their initial creation. 
Denser memories and faster semiconductors were also 
available to the designers of large central machines, but for 
some time they were used only to create better mainframes. 
The final enabling factor that gave rise to the workstation 
was a new system architecture based on a new vision of how 
the elements of the computer and the user should interact. 

The new vision was one that called for the user to become 
actively involved with the system rather than remaining 
passively outside it. And the kind of architecture that 
allowed that to happen was one that combined a graphic 
user interface with an interactive operating system. The 
concept of rapid interactivity is crucial to bringing the user 
"inside" the creative loop. 

According to co-founder Russel G. Barbour of Apollo 
Computer, now Vice President of Advanced Technology, 
"There is a 'magic' threshold for interactive system response 
time of around 150-200 milliseconds. Beyond this, a user's 
attention tends to wander, and productivity falls off." 

PCs-From Toys to Giants 

Just as the workstation was making its debut in the early 
1980's, an equally important and not unrelated event was 
also occurring-namely the emergence of the I BM personal 
computer. 

The PC's unexpected success was due in part to IBM's 
opening up of the system to allow third-party development 
of hardware and software. The opening of the architecture 
allowed massive investments by innovative third parties. 
When the initial wave of microcomputer software packag
es-some of them ported from earlier CP/M platforms-hit 
the streets, market demand began to climb. 

Initially the PC user community consisted of a very much 
non mainstream mixture of hobbyists and early adopters. But 
in short order, they gained commercial acceptance on the 
strength of word-processing and spreadsheet applications. 
Still, at that point, they were clearly not suited for technical 
problems, lacking adequate processing power, memory 
capacity and graphics capability. 

But subsequent introductions of new Intel processors, 
more capable graphics and an adequate interim solution to 
memory limitations began to change that. Today operating 
systems such as Unix and OS/2 offer "big computer" 
software environments to PC software developers and 
users. The culmination of this evolution is a "PC" that today 
incorporates an Intel 80386 with a performance level of 
3.5-5 MIPS, several hundred megabytes of disk, and much 
of the software functionality previously found only in tech
nical workstations. Major technical applications, such as 
CAD/CAM and structural analysis, now run on these "PCs." 
In addition to PCs, the Apple Macintosh has emerged as a 
serious platform for a variety of CAD and other graphics 
oriented applications. 

Workstations-Moving Down from the Top 

While PCs were acquiring workstation like characteris
tics, workstations were expanding in both directions from 
their initial $25,000-$40,000 price range. On the low 
end, the drop in component prices has made it possible 
for workstation vendors to offer systems with all of the 
traditional features that differentiated workstations from 
PCs-virtual memory, window oriented graphics interfaces 
and transparent networking-for prices that now overlap 
those of high-end PCs. Depending on the configuration, 
low-end technical workstations now carry prices under 
$5,000. 

Sun Microsystems was founded shortly after Apollo, and 
in launching its own line of workstations it displayed some 
major technical and philosophical differences. Most sig
nificantly it endorsed open systems and standards (Unix, 
Ethernet). 

The Convergence 

Although people still tend to think about personal com
puters and technical workstations as two distinct classes 
of machines, the changes and advances each have made 
in recent years has almost obliterated their traditional dif
ferences. Today processor performance, software capabili
ty and graphics features are almost identical. Most of the 
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remaining differentiation has been in terms of software 
environments and processor type. 

Sun's 386i is an Intel-based workstation, running under 
the same SunOS ( Unix), user interface, and network envi
ronment as the rest of Sun's line, but it also runs MS-DOS 
software as well. It is intended to be the universal worksta
tion, integrating the world of PC software with the world of 
networked Unix workstations. 

A t  the same time that the hardware platforms are 
converging, so too are many of the application require
ments. New commercial applications, such as financial anal
ysis and brokerage systems, now have system perform
ance requirements similar to many technical computing 
applications. 

The result of this overlapping of formerly separate systems 
and requirements is that corporate planners now are clos
er to being able to implement an integrated strategy for 
supporting all of their business and scientific applications 
with a limited number of platforms in a common network 
environment. 

The ability to implement some form of consistent network 
environment, in some cases including networked work-. 
stations, has been available in various forms from estab
lished vendors for several years. What has been missing is 
the ability for users to create an integrated environment that 
did not tie them down to one vendor's equipment, software 
and possibly lagging price performance. That problem is 
beginning to be solved with the rise of open systems and 
standards. 

The Rise of Standards 

Standard software and hardware environments have been 
a major factor in the growth of the workstation and PC 
industry. Indeed, the incredible success of Sun workstations 
and personal computers in general can be credited to their 
active championing of standards, specifically the DOS and 
Unix operating systems. 

Unix and PC-DOS-The Two Standards 

The most rapidly growing operating system is PC-DOS 
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and its public cousin, MS-DOS. It has created, in terms of 
the number of users, amount of software and total dollar 
revenue, the largest software industry in the world. It was 
the first operating system to be so well standardized that 
plug and play hardware clones could be built. And it was 
directly responsible for the success of the Pc. 

The workstation world, in contrast, has benefited from the 
emergence of Unix. Originally written at the AT & T Bell Lab
oratories, Unix was a tool written by very advanced devel
opers with the intention that it would be used by other 
advanced developers. It was never intended to be a seri
ous commercial operating system, and the commercially 
available versions today, while still identifiable as Unix, 
have been massively rewritten to accommodate required 
capabilities. 

After initial official resistance, AT&T agreed to take an 
active role in the commercialization of Unix. It began 
gaining momentum when it was adopted by start-up work
station vendors, including Sun Microsystems. These compa
nies saw that the existence of compatible machines would 
overcome resistance on the part of potential users to take a 
risk on an unproved vendor. In addition, they realized that 
by adopting an existing operating system, they could vastly 
reduce their product development cycle. Unix is now the 
second most rapidly growing operating system environment 
in the industry, outstripping all existing proprietary mini
computer and mainframe operating systems. 

Open Systems 

One difference between the DOS and Unix operat
ing systems is that DOS has been an open and highly stan
dardized system from the beginning. Only recently has 
the Unix world started to move strongly in the direction of 
providing an open system-that is, defining the interfaces 
at all levels of the system-from physical to high-level 
software. 

The goal of open systems architecture is to allow third 
parties to add and interconnect both software and hardware 
with a high degree of confidence of success. 

For users open systems have many advantages. They 
provide a guarantee that there will be a steady stream of 
competitive products. Through standardized software and 
operating procedures they lower the barriers to switching 
vendors. And most significantly they preserve current in
vestments in peripherals and software. This last point is 
critical because the value of software often exceeds the cost 
of hardware for an increasing number of users. 

Open systems in effect "levels the playing field" when it 
comes to evaluating new solutions and it factors out the 
need for users to consider during an evaluation the cost 
of converting from one vendor's hardware and software 
products to another. The net effect of this will be to en
sure a stream of technologically aggressive products com
ing from vendors who can no longer rely on negative fac
tors-expense and difficulty of migration-to keep their 
users loyal. 

For established vendors attempting to protect their in
stalled bases, open systems are a major new problem to 
grapple with. Some of the more established vendors have 
been accepting this change and have begun to actively seek 
out the best in current market technology and offer it 
to customers in a role of integrator. As basic workstation 
platforms become more and more of a commodity, this is 
quite likely to be a role many of the current major compa
nies will have to adopt. 
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The Future View 

For all the hardware improvements we have already seen, 
the end of the rapidly improving price/performance curve 
is nowhere in sight. One can expect that significant advan
ces will still be made on the strength of Rise processors, 
next generations of 4M-bit and 16M-bit RAM, and new stor
age options. 

Indeed, Linda Fabel, IBM Director of Technical Work
stations, noted that IBM has stated that within a few years 
desktop workstations will be available with the power of the 
current IBM 3090-200E with vector facility-a large main
frame by today's standards. 

Better Tools 

Although at first glance it may seem that there is no need 
for such incredibly powerful workstations, most industry 
participants believe that users will have no trouble finding 
ways to absorb these extra CP U cycles. These new products 
will be used both in performing today's work faster and 
enabling new solutions. This means that the growing pop
ulation of workstations will not simply be used to offload 
the work of existing mainframes but, as Edward H. Rob
bins, IBM Director of Scientific and Technical Computer 
Systems observes, they will primarily be involved with new 
applications. 

More specifically we can expect that the applications of 
tomorrow will include the following: 

Expert systems-After a classic boom and bust cycle, expert 
system applications are beginning to gain some acceptance. 
Possible commercial applications will be interpreting high
volume data such as economic and financial data and for 
solving traditionally defined "well bounded specialist" 
problems where, to date, computers have not been used so 
successfully. 

Massive computation-Major analytical models for finance, 
trading and brokerage, mechanical design and manufactur
ing process optimization will become more accessible. With 
resources on a desktop that will rival today's minisupercom
puters, many sophisticated analytical tools that are too 
expensive today will become readily available. 

Distributed DBMS-The problems of fully distributed data
base management systems (DBMS) have not yet been solved. 
What is certain is that they will. When that happens, it will 
remove one of the last organizational barriers to eliminating 
central MIS mainframe resources, except when they make 
sense as servers on the network. 

Text database-Another growing application area that will 
eventually be linked with networks, distributed process
ing and expert systems, is text retrieval. Now a fairly expen
sive process, and one that can require massive computa
tion, it will yield to advances in software technology and 
raw computing power. Text retrieval, once it is freed from 
constraints imposed by current technology, will be driven 
by its fit with the way users want to work: much of the 
information we deal with on a daily basis is in textual form 
rather than in fields and records. 

A basic model for new applications, says Bill Joy, founder 
and current Vice President of R&D for Sun Microsystems is 
that "every order of magnitude of performance improve
ment makes a new class of applications possible to perform 

in an interactive environment." Joy also commented that 
the fundamental nature of innovation is that it is unpredicta
ble, making it difficult to forecast which applications will be 
the next big winners. 

Integration of Computers and Communications 

As hardware technology improves, we will also continue 
to see a merging of computers and communications. It is a 
merger that has been driven by the requirements of very 
large corporations and it will yield systems that have tightly 
integrated computing and communications features, making 
it easier for organizations to achieve the right balance 
between the physical location of resources and physical 
location of workers. 

Digital Equipment's John Adams, Group Manager, Local 
Area Networks, comments that within five years it will be 
commonplace to see large organizations managing networks 
with 10,000- 100,000 nodes. Digital, currently managing the 
world's largest network with approximately 32,000 nodes, 
can expect to have well over 100,000 by then. 

Integrated Systems & Global Enterprise 

The increasing capabilities of advanced networking and 
the increasing ability to interconnect systems will make 
tomorrow's global enterprises that much more efficient. 
Increasingly, companies will be able to concentrate on what 
they are doing instead of how they go about getting it done. 

This is an area where existing vendors, such as AT & T, IBM, 
DEC and Unisys, will have a major impact. With their 
advanced technology and experience in integrating large 
global networks they will be able to provide large-scale 
communications and computing resources on a global scale. 

This will be important because, as DEC's Adams notes, 
finding ways to efficiently interconnect multiple large corpo
rate networks will be a major problem in the future. Gerald 
V. Butler, Vice President, Engineering & Scientific Products, 
Prime Computer, agrees, adding that having the ability to 
solve these large system level problems will be an important 
value-added skill for established vendors. The ability to 
integrate existing applications with leading edge hardware 
and networking, he notes, is lagging by several years. 

The Fluid Workplace 

And what of the role of the workstation in this evolving 
world of networked computers? Apollo's Barbour describes 
it as "the users' window into an integrated computing 
environment." 

It is a description that conjures up an image of a world 
where the users' work model is a logical task model, un
cluttered by irrelevancies of physical resources location. 
Local and global resources will be flexibly available, and 
users will be able to move about in organizations and take 
their working environment with them. 

Although this may sound like a technocrat's vision of the 
promised land, people such as Barbour, Poduska and the 
others who catalyzed one of the most significant revolutions 
in the relationship of people to computer technology be
lieve that it is possible, practical and not too far away. 

Richard M. Fichera is an independent consultant specializ
ing in graphics, workstation and technical computing systems 
applications. 
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Scientific Visualization 
by Ronald D. Levine 

"\.{"sualization is the formation of mental images of what 
cannot be seen. It is seeing, in a way, that which is invisible, 
either because it is inaccessible to eye or camera, because 
its physical nature supports no real image formation or 
because its existence is abstract or hypothetical. Scientific 
visualization involves real images-drawings, photographs, 
holograms or video displays of graphs, charts, diagrams and 
other visual models-to serve as intermediate aids; it makes 
use of our real eyes to help our mind's eye in its task of 
grasping the structures, relationships and abstractions of 
science. The importance of real visual aids in scientific 
understanding may well be related to the fact that a very 
large proportion of our brains' neurons seem to be devoted 
to processing visual input. 

Presently the workstation revolution, together with the 
associated proliferation of supercomputers and near-super
computers into academic and industrial environments, is 
giving rise to a rapid and dramatic revolution in the art and 
practice of scientific visualization. The supercomputer cen-

Active site of the enzyme triose phosphate isomerase, together with 
its natural substrate dihydroxyacetone phosphate. Atoms are rep
resented as colored balls (red = oxygen, blue = nitrogen, green = 

carbon, yellow = phosphorus and white = hydrogen) with associ
ated chemical bonds depicted by cylinders. The transparent blue 
surface represents a level surface of the electron density, calculat-
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ters create a demand for powerful, efficient visual presenta
tion methods simply because of the immense volume of the 
data produced by supercomputer simulations. On today's 
machines the solution of a single, 3-D continuous-field 
simulation, as frequently carried out in such computational 
scientific domains as fluid dynamics, structural mechanics, 
meteorology, seismology, cosmology, molecular modeling 
and others, may well contain some hundreds of millions of 
numerical values. There is no hope of digesting such large 
data sets-of finding their essential features and exposing 
their hidden details-without the application of high-reso
lution, high-speed computer-based visualization tools. 

High-resolution graphical rendering is computationally 
expensive in the sense that a large number of arithmetic 
operations are required to produce a picture from model 
data. However, these graphical computations are stereo
typed and repetitive, so they may be performed by special 
dedicated processing circuitry and with a high degree of 
parallelism. The development of application-specific VLSI 

ed quantum mechanically. This image is a frame from a computer 
graphic movie, generated by Stephan Fangmeier at the National 
Center for Supercomputing Applications, from a simulation carried 
out by Paul Bash and Martin Karplus of Harvard University, using 
the original enzyme structure determined by Robert Davenport 
and Gregory Petsko of the Massachusetts Institute of Technology. 
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A WGICAL LANGUAGE 
FOR DATA AND 
KNOWLEDGE BASES 

Shamim A. Naqvi and Shalom Tsur, 
MCC Systems Technology 
Laboratory, Austin, Texas 

P
roviding material available in no 
other book, this unique new work 

on Logical Design Language examines language features 
and theoretical background required to work in the area of 
logic and deductive databases. Based on LDL software 
developed at MCC Systems Technology Laboratory, the 
book covers the fundamentals necessary to write simple 
programs as well as the most advanced and detailed material 
available on the subject. Its language-centered presentation 
describes successive containing subsets of the language, 
each more powerful than its predecessor, to build a com
plete, in-depth framework for the reader. 
1989, 304 pages, $39.95 
SPECIAL PRICE $31.99 

PRINCIPLES OF DATABASE AND 
KNOWLEDGE-BASE SYS TEMS Volumes I and II 
Jeffrey D. Ullman, Stanford University 

T
his two-volume set integrates classical database con
cepts and the new trends in knowledge systems and 

object-oriented systems. Volume I covers data models and 
their commercial languages, as well as design theory, physi
cal storage, and security. Volume II covers old and new 
optimization techniques for efficient implementation of 
query languages, including the more expressive logic 
languages of knowledge-base systems. 
Volume I: 1988, 631 pages, $41.95 
SPECIAL PRICE $33.59 
Volume II: 1989,528 pages, $41.95 
SPECIAL PRICE $33.59 

DATA COMPRESSION: Methods and Theory 

James A. Storer, Brandeis University 

D
ata compression is rapidly becoming an essential com
ponent of communications and data storage software 

and hardware. This book provides advanced coverage of 
data compression techniques in digital text by combining the 
traditional tools of information theory with those of modern 
computer science. The focus is on lossless data compres
sion, where the decompressed data must be identical to the 
original. However, applications to lossy data compression 
(e.g., where a decompressed digitalized image need only 
"look" as good as the original) are also discussed. 
1988, 413 pages, $4 4.95 SPECIAL PRICE $35.99 

Computer Science Press 
An imprint of W. H. Freeman and Company, 
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THE TURING OMNIBUS 
61 Excursions in Computer 
Science 

A.K. Dewdney, University of 
Western Ontario 

F
rom art.ificial intelligence. a

.
nd 

simulatIOn to computer vIsIon 
and cryptography, A.K. Dewdney 

takes you on a fascinating tour through the landmarks of 
computer science, offering dozens of intriguing glimpses 
into the current state of the computer scientist's art. The 
Turing Omnibus is a portable reference you'll use and refer 
to for years to come. 

Available for shipment A pril 21, 1989. 
1989,4 00 pages, $24.95 SPECIAL PRICE $19.99 

THE ELEMENTS OF ARTIFICIAL 
INTELLIGENCE: An Introduction Using LISP 

Steven L. Tanimoto, University of Washington 'C learly the best AI book available, by far. It gives lucid, 
cogent, coherent developments of important topics. 

LISP and LISP programs are beautifully incorporated into 
the text, so that LISP and AI can be learned together, each 
helping and illuminating the other." 
-Leonard Uhr, University of Wisconsin, Madison 
1987,530 pages, $37.95 SPECIAL PRICE $30.59 

Your satisfaction matters. Return any book in good condition within 15 days of receipt and 
we'll send you a prompt refund. Offer expires June 30, 1989. 
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Three different but correlated bivariate distributions are represent
ed using three kinds of visualization functions. In the middle, ter
rain elevation data around Pike's Peak is rendered as a shaded 
surface. Above, a correlated distribution of temperatures is depict
ed by a contour curve plot. Below, a correlated distribution of snow 
pack depth is represented by a color shaded contour plot. This 
image was produced using the software package PV Wave, a toolkit 
which gives scientists the capability of interactive construction and 
viewing of visual representations of functions and data sets. 

Display of the results of a supercomputer simulation of the dy
namical interaction of the wake of the rotor blades with the body 
of a helicopter. The vortex sheet created by the blade motion is 
depicted in wire frame style. Colors on the helicopter body denote 
pressure. The high-pressure spot (blue) on the starboard side is 
caused by the blade tip vortex, and is seen running rapidly aft in 
phase with the blade rotation in the movie of which this represents 
one frame. The fluid dynamical simulation was performed using the 
USAERO program from Analytical Methods, Inc. This image was 
produced using Ardent Computer's CFD Viewer. 
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circuits for advanced graphical processing (chips which can 
be produced relatively cheaply and ganged in parallel or 
pipelined fashion in order to multiply performance) has 
been a major factor enabling widespread affordable access 
to previously unheard of levels of graphics functionality in 
the new workstations and image computers. These hard
ware platforms have the potential for supporting highly 
innovative modes of scientific visualization. 

Visualization innovations will not come automatically 
with the hardware, however, but will require further inven
tiveness. While the rendering of images from surface models 
may be regarded as stereotyped computation, there remains 
considerable freedom for choosing the methods of associat
ing geometric objects (for example, curves, surfaces, vol
umes) and their visually relevant properties (color, opacity, 
illumination), with the abstractions of any particular com
putational science (pressure, velocity in fluid dynamics). 
And, of the possible methods of mapping physics to graph
ics, call them visualization functions, we have, in general, 
no way of knowing a priori which will be best in any par
ticular case. 

Moreover, we have to contend with the terrible 2-D 
bottleneck: until computer holographics becomes a widely 
available technology, all graphical display media are essen
tially 2-D surfaces, including the retina of the eye. There is 
no way to project a general 3-D model scene to a single 2-D 
view without losing information, in fact, most of it. For 
simple mechanical models a few views, as in drafting, may 
suffice to communicate all the relevant 3-D information, but 
the situation is much more difficult in the case of continu
ously varying spatial distributions, or in the case of very large 
biomolecular models, more serious still when these com
plex systems also vary in time. But it is these complex cases 
which give rise to the largest solution data sets and so are 
most in need of efficient visualization modes. 

Even in the static case, whatever visualization functions 
and rendering algorithms are used, it is clear that many 2-D 
views are needed to get the 3-D picture. The researcher is 
obliged to view them in some sequence in time and then 
must somehow mentally integrate these viewing experien
ces to form his picture of the static 3-D situation. This proc
ess is aided considerably when the viewer has interactive 
control over the view selection. This means he is able to 
vary viewing parameters (for example, view point, view 
direction, etc.) smoothly and at will and see the correspond
ing views appear without noticeable delay. In the ideal case, 
using a joystick or other natural and comfortable control 
device, he would be able to roam about in his massive 3-D 
data set rotating objects to see their shapes from all sides, 
chOOSing section planes, panning to search for features of 
interest and zooming in to inspect them. Another dimension 
of assistance to the process is added when the researcher 
is also given interactive control of the selection of visualiza
tion functions. 

Interactive graphics is, of course, a principal raison d'etre 
of the workstations and it is also one of the primary 
characteristics distinguishing this visualization revolution 
from the earlier modes. The illustrations on these pages, 
while attractive and informative, do not begin to convey the 
power of interactivity. And even though these illustrations 
all have markedly different visualization functions, they will 
probably look trite in comparison with the newer styles of 
scientific visualization which will appear during the next few 
years as the workstations and minisupercomputers become 
available to workers in more and more diverse scientific and 
engineering areas. 
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A
t The Lifestyle Resource we give you all

.
the facts and details necessary to make an informed 

purchase. Your sattsfactwn tS our pnmary concern. If your pW'chase doesn't meet your 
r:rpeclatwns, return it in original condition within 30-days for prompt refund. 

WORTH CUT TING THE CORD FOR 

A
leading consumer magazine article likens a 
person's first conversation walking around 

talking on a cordless telephone to the exhilaration 
of that first bike ride minus training wheels. In the 
magazine's 19 8 8  Buying Guide, the Southwestern 
Bell FF-1700 Cordless Phone is still rated tops for 
range in controlled tests among 21 brands and 
models. By handling incoming and outgoing calls 
to a range of 1000' (the article rated a maximum of 
1500 ft.), with outstanding speech quality and 
convenience features, the FF-1700 ended up on top 
of the consumer magazine ratings reports. Base 
unit serves as freestanding speakerphone with 
dial pad, so you get two phones in one. Plus 
intercom, paging and lO-channel selection. Digi
tal security code 
line from outside 
$179.95 #2130. To 
take your freedom a 

step further, Southwestern Bell's FA-450 Telephone Answering 
Machine gives you the latest technology and newest features at a 
most attractive price. Single cassette operation, call screening, 
household memo function, voice-activated record, one-touch play
back. 'I\vo-way record for messages or conversations. Beeperless 
remote lets you retrieve messages from any pushbutton phone, 
also allows remote announcement changes. These Freedom 
Phones connect you in without tying you down. $99.95 #2140. 

FROM CHINA TO 
YOUR HEALTH 

A
ncient 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 

Peoples Republic  of 
China. The Chinese say that 

rotating the balls in the palm of each 
hand stimulates the fingers and 

acupuncture points, and improves circula
tion of vital energy throughout the body. 

Sports enthusiasts, musicians, computer users 
and health-conscious people everywhere consider 
them great muscle conditioners. Arthritis suf
ferers feel a decided benefit from this gentle but 
challenging 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 # 1701. 

T
he Chef'sChoice® Knife Sharpener safely and 
easily hones the dullest of knives to razor 

sharpness in minutes. According to Food and 
Wine, the ChefsChoice Knife Sharpener is "un
questionably the best." Popular Science calls it 
"idiot proof." Its ingenious patented design is the 
brainchild of former DuPont engineer, Daniel 
Friel. His unique sharpening method uses dia
mond abrasives to sharpen a knife in three 
stages to form a progressively sharper edge. 
Since magnets hold the knife at the precise 
angle required for each operation, the guesswork 
of traditional methods is eliminated. The result
ing triple bevel edge stays sharper longer than 
conventional edges. Only the minimum amount 
of steel is removed during each stage, making it 
safe for all high quality steel or alloy knives. 
World class chef, Pierre Franey, in hisN.Y Times 
column, hailed the Chefs-Choice as "unpar
alleled, in my experience, for putting an exceed
ingly sharp and long-lasting edge on knives of all 
kinds:' Manufacturer's two year limited warrl}nty, 
UL listed, measures 9" x 3'/Z" x 4". $79.95 #2450. 

A WATCH FOR ALL REASONS 

T
his 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 '/lOoth 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. 

THE LIFELINE GYM 

T
he Lifeline Gym is 
the most space effi

cient, time efficient 
home fitness device on 
the market today. You 
can simulate just about 
any of the exercises 
done on the expensive 
machines found in 
health spas and gym
nasiums - the reason is latex. With this unique 
stretchable latex cable, resistance increases 
with movement - your muscles are challenged 
through their full range of motion. These variable 
resistance exercises provide an excellent workout 
for a beginner as well as a challenge for a pro. The 
Lifeline Gym is so successful it is used by mem
bers of the Chicago Bears, the U.S. Ice Hockey 
team, and the UCL A track team to name a few. 
Adjustable for individual strength levels and for 
different body shaping and toning. The gym in
cludes a lifting bar, resistance cable, stirrups, 
exercise belt, door attachment and a comprehen
sive fitness guide that outlines over 25 exercises. 
Everything packs into a compact carry case, so 
you can enjoy the benefits of a complete workout 
anywhere. $49.95 #1841 Ladies or #1851 Men's. 
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ZONE OF CALM 

N
oise produces stress in the human organ
ism. Today the volume of civilization nearly 

everywhere seriously interferes with our abili
ties to relax, read, sleep, concentrate or other
wise function at optimum efficiency. But you 
needn't be victimized by noise pollution. The 
new Marsona Sound Conditioner electrically 
synthesizes a variety of pleasing natural sounds 
that help mask out and reduce the annoyance of 
unwanted noise. A 5 inch speaker brings you 
the sounds of ocean surf, summer rain, moun
tain waterfalls - as close to nature as you will 
find. You control not only the volume but also 
wave pattern, wave or rain rhythm, the seeming 
nearness or distance of the source. Solid state 
electronics designed for continuous use. UL 
listed. Manufacturer's 1 year limited warranty. 
$139.95 #2201. 

When you 're running short ojtime, ask one 
oj our phone operators about UPS Blue Label 

delivery. In most cases, we can get your 
shipment to you in three or jour working days. 

CALL TOLL-FREE 800-872-5200 

THE L IFESTYLE RESOU RCE™ 

POCKE T·SIZED HEROES 

M
any will argue that these compact clas
sics are "too well made," but we know 

the rewards of craftsmanship - especially in 
an emergency. Made in the U.S.A., the Mini 
MagliteOC AA flashlight is from the famous 
flashlight family renowned for ruggedness and 
beacon-brightness. It shines up to 70 times 
brighter than a AA penlight, and is first cousin 
to the 40,000 Mini Maglites that lit up this 
year's Presidential Inauguration. Fast action Linear-Focusing'· flood-to-spot beam with a 

Stand· twist of the wrist. Head removes and leaves you with a powerful stand-alone candle. Anodized, 
alone high strength aluminum components assure corrosion resistance. Only 5%" small; with bat

candle teries, spare bulb and manufacturer's lifetime limited warranty. The companion Swiss Army 
Pen Knife by V ictorinox of Switzerland is a slim 2'14" gem. Includes a surgical steel blade, file with 
screwdriver tip, scissors, tweezer, toothpick and keyring. Two originals you'll treasure. $39.95 #25 30. 

AN AMERICAN CLASSIC 

T
he very best of the Adirondack Chairs are still made in the Adirondacks, 
in W illsboro, N.Y., on the shores of Lake Champlain. W illsboro's skilled 

woodworkers have done more than just re-create the original Adirondack Chair 
- they've added refinements such as a fully contoured seat and 6" wide arms for 
the ultimate in comfort. And the workmanship ! The seat and backrest are hand
dowled and glued to the frame for strength, using solid hardwood pegs (not 
capped screws) in the true Yankee manner. The rich rock maple is an extremely 
dense and attractively grained wood, all sanded - no sharp corners or 
splintering. Willsboro's artisans have incorporated a unique (and patented) 
tongue-in-groove folding mechanism that lets you fold the chair to a mere 10" 
thickness for storage; sturdy hardwood locking pins secure it in the open 

L-_-'::::;.'-'.:::.c.....J position . W hen each piece is completed, it is treated with a wood protectant, 
ready for you to·apply a clear finish or paint, or leave it to weather naturally. T here has never been 
an Adirondack Chair like this . . .  and we have a matching footrest, designed to create a chaise 
lounge and an end table to go along side - both constructed in the same fine tradition. The chair is 
3 8" x 14" x 20", $139.95 # 18 81. The footrest is 14" x 20" x 22", $79.95 # 18 91. T he end table is 16" x 
14" x 24" $69.95 # 1901. Some assembly required. 

CALLc::��-m:�m�:� 800-872-5200 
DEPT SFAE09 ; 921 EASTWIND DR . SU ITE 114: WESTERVILLE , OH 43081 I TEM NO. OTY DESCRI PT ION I T E M  PR ICE  TOTAL P R I C E  

SEND TO ( PLEASE PR INT)  

AODRESS 

C ITY STATE Z IP  

o CH E C K  O R  M O N E Y  ORDER 0 MASTE RCARD 0 V I S A  0 A M E X  S I G NATURE 

ACCT # E X P. DATE Shipping Charge covers UPS .  handl ing and insurance for guaranteed del ivery. SU B TOTAL 
f--:::-=-=-=:-::--:-::-:==-=-=-::c:-:-:==-==-=-=:-=----------' UPS Second Day ava i l a b l e  for an add i t iona l  $7 .50  per  order .  f-c-SH-I P-PI-NG-+----1 ORDER WITH CONFIDENCE BEl Up to $20  . . . .  $ 3 . 95 $50 . 0 1 to $60  . . . .  $ 7 . 95 (See lable 

e Most orders ship within 48 hours oj receipt. �pS $20 . 0 1  to $30 . . . .  $ 4 . 95 $60 . 0 1 to $70 . . . .  $ 8 . 95 al left) 

C d 't C d de b 'll d I h '  
�AIR $30 . 0 1  to $40 . . . $ 5 . 95 $70 . 0 1  to $1 00 . . . $ 1 0 . 95 

e re t ar or rs t e on y upon s tpment. 
2" $40 . 0 1 to $50 . . . .  $ 6 . 95 Ove r $1 00 . . . .  $ 1 2 . 95 TOTAL 

e No risk 30-day return privilege. Canad ian  residents p lease c a l l  ( 6 1 4 )  794-2662 for order ing  i nformatio n .  
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Technology, Employment 
and u.s. Competitiveness 

Technological change is essential to U.S. economic progress. 
To facilitate it, workers need to be more adaptable, research needs to 

focus more on applications and managers need to be more open-minded 

by Richard M. (yert and David C. Mowery 

In his 1950 book, The Human Use 
of Human Beings, the American 
mathematician Norbert Wiener 

wrote: "The factory of the future ... 
will be controlled by something like 
a modern high-speed computing ma
chine .... Industry will be flooded with 
the new tools to the extent that they 
appear to yield immediate profits .... 
It is perfectly clear that this will pro
duce an unemployment situation, in 
comparison with which the present 
recession and even the depression 

RICHARD M. CYERT and DAVID C. 
MOWERY were respectively chairman 
and study director of a panel organized 
by the National Academy of Sciences 
(NAS), the National Academy of Engi
neering (NAE) and the Institute of Medi· 
cine (10M) to assess the effects of new 
technology on employment and the u.S. 
economy. Cyert, who holds a bachelor's 
degree from the University of Minneso
ta and a doctorate from Columbia Uni
verSity, is president of Carnegie· Mellon 
University. Before being appointed pres· 
ident he served for 10 years as dean 
of the university's Graduate School of 
Industrial Administration. Mowery is as
sociate professor of business admin· 
istration at the School of Business of 
the University of California, Berkeley. He 
studied at Stanford University, receiving 
undergraduate and graduate degrees in 
economics. The opinions expressed in 
the article are those of the authors alone 
and do not necessarily represent those 
of the entire panel, its sponsors or the 
NAS, NAE and 10M. 
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of the thirties will seem a pleasant 
joke." Recent history has shown that 
Wiener was on the right track as far 
as the computer-controlled produc
tion equipment is concerned, but he 
was much less prescient about the 
equipment's economic impact. 

That is not to say that all has gone 
well with the u.S. economy since Wie
ner's time. Although the unemploy
ment rate has declined from a peak 
of more than 10 percent in 1982, in
equality in the distribution of house
hold incomes has increased since the 
late 1960's, and real hourly earnings 
for U.S. workers have been stagnant 
since 1973. More puzzling perhaps is 
the extremely slow growth of labor 
productivity (measured as output per 
hour of work) between 1973 and 1979. 
Although labor productivity in the u.S. 
has recovered somewhat since, its rate 
of growth still lags behind those in 
a number of other industrialized na
tions. Furthermore, the American per
formance in international trade has 
been dismal. 

Could Wiener's basic premise-that 
automation in the factory leads natu
rally to less employment for the work
er and more profits for the factory 
owner-be partly right after all? Are 
robots and computers creating a two
tiered society in which employment 
security, job advancement and in
creased earnings are available only to 
a small minority of workers? 

Recently a panel of experts �rawn 

from business, labor, government and 
academia [see illustration on page 56] 
was assembled under the auspices of 
the National Academy of Sciences, the 
National Academy of Engineering and 
the Institute of Medicine to analyze 
technology's effects on employment 
and the U.S. economy between now 
and the year 2000. Based on its review 
of an extensive body of evidence, the 
panel concluded unanimously that the 
adoption of new technology is not a 
cause of the high unemployment and 
low growth rate of earnings that have 
afflicted the U.S. economy for much of 
the past 15 years. On the contrary it 
will have to be part of the cure for 
those very problems. Indeed, changes 
in the structure of the domestic and 
world economies have made the rapid 
and effective adoption of new tech
nologies more important for the U.S. 
than ever before. 

It is easy to see why someone might 
think that the introduction of new 
technology in the workplace leads 

to unemployment. After all, techno
logical innovations are generally in
corporated into production process
es in order to decrease the amount 
of resources-particularly labor-re
quired for a unit of output. Such think
ing does not go deep enough, howev
er. New production technology is likely 
to have other economic repercussions 
that offset any potential reductions 
in aggregate labor demand resulting 
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TECHNOLOGICAL CHANGE has transformed the art of printing, 
as it has many other occupations. To print an illustration 30 
years ago, copper plates (top) had to be etched (one for each 
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color ink) and mounted on frames. Today a printer can do 

much the same job on a computer (bottom) and in substantially 
less time. Clearly the skills necessary for the job have changed. 
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from its adoption. For example, by 
decreasing manufacturing costs and 
thereby lowering the price of a prod
uct, a new technology can expand con
sumer demand for the product and so 
lead to increased production and ulti
mately a greater-not a lesser-de
mand for labor. 

The effect of a new production tech
nology on employment therefore de
pends as much on the consumer's 
response to reduced prices (or im
proved quality) as it does on the 
changes in the amount of labor re
quired for a unit of output. Even if 
consumer demand for the product 
does not increase significantly, a net 
rise in employment can still result: 
consumers are likely to apply the sav
ings gained from price reductions on 
the product to the purchase of other 
goods, thereby causing employment 
in other consumer-goods industries 
to expand. Moreover, the widespread 
utilization of a new production proc
ess may require new machine tools, 
materials and supplies. Those new re
quirements may stimulate increases 
in the employment levels in the sup
plier industries as well. 

The employment effects of a new 
technology are further complicated by 
the fact that managers and workers 
often need to restructure their rela
tions to accommodate the technology. 
Such restructuring can directly affect 
worker satisfaction and safety, which 
in turn affect productivity. Indeed, or
ganizational changes made possible 
by the introduction of a new technolo-

gy may influence the quality of a com
pany's products and its profitability as 
much as engineering advances in the 
technology itself. 

The General Motors Corporation, for 
example, was able to reap the full 
benefits of mass-prodUction technolo
gies in the 1920's only after it decen
tralized its product divisions and es
tablished a system for pricing inter
nal sales among the divisions. In con
trast the Ford Motor Company (which 
was the first automobile manufacturer 
to apply mass-production techniques) 
resisted such organizational innova
tions and as a result steadily lost mar
ket share to its rival. 

The future demand for workers also 
depends on what particular skills a 
new technology requires, which in 
turn depends on how the technology 
fits into a company's organizational 
structure. Production workers, for ex
ample, may have to learn much more 
about a plant's overall operations and 
management if they are to assume 
greater responsibility for monitoring 
the production process. 

In addition, the skill requirements 
of new technologies change as the 
technologies themselves are devel
oped, modified and incorporated into 
production processes. Compare, for 
example, the level of skill necessary to 
operate a large mainframe computer 
of the early 1960's with that needed to 
perform similar tasks on a personal 
computer in 1989. Continued innova
tion in the complementary software 
and hardware technologies not only 
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has made today's personal computers 
more powerful than the large main
frames of two decades ago but also 
has made it possible for them to be 
used by elementary school pupils as 
well as university graduates. 

Predicting what cumulative im
pact all these various effects will 
have on the unemployment rate 

and the training of workers is beyond 
the capabilities of current forecast
ing techniques. Just to predict how an 
innovation in the manufacture of a 
particular product will affect employ
ment, for example, requires detailed 
information about a number of varia
bles: the rate of diffusion of the tech
nology and its impact on the amount 
of labor required to manufacture a 
unit of output (a datum that almost 
certainly changes as the technology 
itself diffuses throughout the econ
omy); the response of demand for 
the product to a reduction in price 
(the so-called price elasticity of de
mand); the change in aggregate labor 
demand resulting from any increase 
in the demand for the product; and 
the response of individuals to chang
es in the cost of the bundle of goods 
they consume. Unfortunately, the data 
needed for estimating these numer
ous and interacting variables simply 
do not exist. Foretelling how the devel
opment of an entirely new good or 
service will affect employment is even 
more difficult, because the new good 
or service may actually create indus
tries that did not exist before. 

Predicting the future demand for 
certain worker skills is hampered not 
only by the lack of data but also by 
deficiencies in the methods applied to 
gauge skills. A clerk from the 1950's 
and a clerk from the 1980's are alike 
only in name. Clerical personnel today 
perform tasks that differ substantially 
in content and that require entirely 
different abilities. Yet this change is 
completely obscured in most occupa
tional data, which assume that the 
skills necessary for clerical occupa
tions are the same today as they were 
in the 1950's. 

Because the skill requirements of a 
job can vary over time in occupations 
as much as they vary across different 
occupations at any given time, a pro
jection of the future demand for job
related skills that is based on the like
ly growth of occupations is bound to 
be inaccurate. Moreover, occupation
al trends themselves are difficult to 
forecast, because they depend on the 
structural changes that take place in 
an economy. As mentioned above, a 
detailed prediction of those changes 
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is nearly impossible for an economy 
as large and complex as that of the U.S. 

Given that the introduction of a new 
technology in the workplace is often 
accompanied by restructuring of the 
production organization, retraining of 
workers and numerous technical mod
ifications of the technology itself, con
siderable time is required before the 
technological possibilities of a labo
ratory invention are fully realized in 
the U.S. economy. Projections of the 
economic effects of new technologies 
that do not allow for the lengthy peri
od required to perfect and to adopt 
new technologies therefore may over
state the magnitude and suddenness 
of any changes in the unemployment 
rate or in the demand for certain job
related skills. The gradual pace of 
technological diffusion allows rela
tively extended periods during which 
people and organizations can adapt. 
For that reason the policy challenges 
created by the effects of new technol
ogies on employment may actually be 
more tractable than those resulting 
from other, more volatile sources of 
economic change. 

B ecause predicting the economic 
impact of technological change 
is fraught with so many uncer

tainties, an economist has no alterna
tive but to rely heavily on historical 
evidence, and the effects of new tech
nology on employment in retrospect 
have been unambiguous [see illustra
tion on this page). The record shows 
that when the U.S. unemployment rate 
was high (as it was in the 1970's and 
the 1980's) productivity growth rates 
were low. Because labor productivity 
depends on the introduction of new 
technologies, the data provide strong 
evidence that technological change is 
not associated with increases in the 
nation's unemployment rate. 

Technological change also does not 
appear to be responsible for the low
er rates of growth in average hourly 
earnings in the u.s. [see illustration on 
page 59). Hourly compensation (in
cluding employee benefits as well as 
wages and salaries) has grown in step 
with labor productivity. If the intro
duction of new technology had result
ed in lower wages, then hourly com
pensation should have fallen as pro
ductivity rose. 

Much has also been made of the 
increasing inequality in the distribu
tion of household incomes in the U.s. 
during the 1970's and 1980's. Accord
ing to McKinley L. Blackburn of the 
University of South Carolina and David 
E. Bloom of Columbia University, for 
example, the share of the nation's to-
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GROwrn RATES OF UNEMPLOYMENT AND lABOR PRODUCTIVIlY <the total value of 
goods and services produced divided by the number of labor hours that went into 

their production) have been diverging in the U.S. since 1970. Since new technology in 
the workplace increases productivity, it might be thought that technological change 

leads to a lower aggregate demand for labor. Yet if that were truly the case, unem
ployment should increase in step with productivity, contrary to what the data show. 

tal family income accounted for by the 
incomes of middle-class households 
(which range between 100 and 160 
percent of the median household in
come) declined from 27.5 percent in 
1967 to 2 1.3 percent in 1985. Yet avail
able data indicate that this increased 
inequality stems mainly from factors 
other than technological change, such 
as the increasing number of house
holds headed by single women and 
changes in federal budgetary and tax 
poliCies. Blackburn and Bloom also 
find little evidence of a significant 
change in the distribution of worker 
earnings, which would reflect more 
directly any increasing inequality in 
the work force. If the adoption of new 
technology were indeed widening the 
gap between high-paying and low-pay
ing jobs, their analysis would have 
revealed it. 

In the light of such evidence it is 
reasonable to conclude that technolo
gy's effect on employment is probably 
less important than the influence of 
other economic factors. The rate of 
economic growth, aggregate demand 
and the impact of extraneous shocks 
to the u.s. economy (such as the 1973 
and 1979 oil-price hikes) appear to 
be more significant determinants of 
the nation's overall employment level 
than technological change. 

Does the past also offer some in
sight into how workers should be 
educated and trained to meet future 

demands for labor? The historical 
evidence clearly shows that techno
logical change has increased the value 
of such basic skills as reading, writ
ing, numerical reasoning and problem 
solving. The computer-based technol
ogies that are likely to be associated 
with jobs in the future will place even 
greater demands on the mental rather 
than the physical capabilities of facto
ry and office workers. Furthermore, 
expanded use of work teams in many 
production systems also means that a 
premium will be placed on the ability 
to communicate effectively. 

Most important for future U.s. work
ers, however, will be the ability to 
adapt to structural changes in the 
economy that reshape the nature of 
their jobs. They will have to learn how 
to cope better with more frequent 
moves-from employer to employer, 
from town to town and even from 
industry to industry. Surveys made 
during the early 1980's, for example, 
suggested that as many as 30 percent 
of the workers who lost their jobs in 
the automobile and steel industries 
were hampered in their search for new 
jobs by deficiencies in basic skills. 

The fact that employment disloca
tions in speCific industrial sectors will 
unavoidably take place as new ma
chines and new organizational rela
tions are introduced into the work
place poses a dilemma for the U.S., 
because the economy as a whole 
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stands to benefit from such techno
logical and organizational change. Yet 
the dilemma can be solved to a large 
extent by directing a portion of the 
economic benefits of technological 
change-in the form of programs for 
monetary compensation, counseling 
and retraining-to those individuals 
who are subject to its adverse effects. 
Indeed, because such programs make 
it easier for workers to adapt to chang
es in the workplace, they can actually 
promote technological change. 

HoW exactly does the U.S. econo
my gain by promoting techno
logical change? The answer to 

that question becomes clear as soon 
as one views the economy from a glob
al perspective. In the discussion thus 
far the U.S. economy has been regard
ed as an independent entity, but of 
course it is only one of many national 
economies that interact with one an
other by means of trade. Indeed, the 
vagaries of international trade have 
come to exert a strong influence on 
the U.S. economy; foreign trade now 
accounts for nearly twice as large a 
share of the U.S. gross national prod
uct as it did during the 1960's. 

In such an environment, if foreign 

companies develop and adopt new 
technologies faster than U.S. compa
nies do, the production costs of for
eign companies will tend to fall more 
rapidly than those of U.S. companies. 
The reductions in costs enable foreign 
producers to lower prices, squeezing 
U.S. companies out of the global mar
ket and forcing workers in affected 
industries to accept fewer jobs or low
er earnings. In fact, the extensive pen
etration of U.S. domestic markets by 
imported goods during the past dec
ade in part reflects the greater speed 
with which foreign producers tend to 
adopt new technologies. 

On the other hand if U.S. compa
nies are successful in developing and 
adopting new technologies more rap
idly than their overseas competitors, 
the economic picture is likely to be 
quite different. Higher productivity 
growth in U.S. industries supports re
ductions in production costs, which 
are reflected in lower prices. And low
er prices in turn stimulate the expan
sion of new, higher-wage jobs within 
the American economy. 

Yet such technological leadership 
is difficult to maintain, because the 
sCientific, engineering and practical 
knowledge that underpins commer-

cial applications of new technologies 
can easily spread from one nation to 
another. Hence, a competitive advan
tage based on a specific technology 
or skill erodes over time as the under
lying technical know-how diffuses 
throughout the world. Moreover, the 
speed with which technologies move 
across international boundaries has 
increased in recent years as a result 
of improved worldwide communica
tions and transportation, growing di
rect foreign investment in the U.S. and 
the greater scientific and engineering 
capabilities of many foreign research 
laboratories. 

In the future any technology-based 
advantage held by a U.S. company over 
foreign rivals is therefore likely to be 
even more fleeting. Indeed, in the glob
al economy of the 1990's, U.S. employ
ment losses resulting from slow or 
inefficient adoption of new technolo
gies are likely to outweigh by a consid
erable margin any employment losses 
resulting from the rapid adoption of 
those same technologies. 

That conclusion does not bode well 
for the U.S., since the country already 
lags behind other industrial nations 
in the adoption of such critical manu
facturing technologies as robots and 

TRAINING necessary to operate a computer has been drasti
cally reduced as a result of advances in both hardware and 
software. Only highly trained operators could run the first 

computers, which were developed some 40 years ago. Today's 

personal computers (which surpass those first machines in 
both memory and computing power) can be operated by a child. 
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computer-controlled machine tools. 
Ramchandran jaikumar of the Harvard 
Business School estimates that be
tween 1982 and 1986 japanese com
panies outspent U.S. companies by 
more than two to one on factory auto
mation. The reasons for the U.S. indus
try lag in adopting advanced manufac
turing technologies are not precisely 
known. They probably include differ
ences between the U.S. and other in
dustrial countries in the cost of capital 
and rates of investment, in the skills 
of the production work force and in 
the approach managers take to evalu
ating and investing in new technolo
gies [see "U.S. Economic Growth," by 
Ralph Landau; SCIENTIFIC AMERICAN, 
june, 1988). 

Much of the formidable task 
that confronts American man
agers and policymakers there

fore amounts to doing everything 
possible to ensure that future tech
nologies are rapidly and effectively 
adopted. Achieving this goal almost 
certainly will require larger invest
ments by public and private insti
tutions in the education of the U.S. 
work force. Yet the uncertainty as to 
what job-related skills new technol
ogies will demand makes it a risky 
strategy to invest resources in educa
tional programs designed to prepare 
young people for a specific occupa
tional vision of the future. 

A more prudent strategy is to im
prove the adaptive capabilities of 
members of the work force by invest
ing in better basic-skills education. 
Even if technological progress were to 
stop tomorrow, the employment pros
pects for labor-force entrants who 
lack strong fundamental skills would 
be dismal. Those same skills will be 
even more important in finding and 
retaining quality jobs in the future. 
This state of affairs could portend a 
decidedly bleak future for minority 
entrants and for the economy itself. A 
large fraction of those entering the 
work force between now and the year 
2000 will consist of blacks and His
panics, many of whom have not been 
well served by public institutions of 
primary and secondary education. 

Policies designed to improve the 
quality and adaptability of the U.S. 
work force will have to devote atten
tion not only to new entrants but also 
to those currently employed. Indeed, 
experienced workers should proba
bly receive greater attention from pub
lic and private assistance programs, 
since most of the workers who will be 
in the labor force in the year 2000 are 
currently employed. Although retrain-
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lABOR PRODUCTIVITY AND WORKER COMPENSATION (the total value of all wag
es, salaries and employee benefits divided by the total number of work hours) have 
grown in step with each other in the U.S., suggesting that technological change is not 

responsible for the lower growth rates in worker compensation seen in recent years. 

ing may help some of them, the poten
tial benefits should not be overstated. 
For some workers, particularly those 
who have lost relatively high-paying 
jobs in durable-goods manufacturing, 
retraining is unlikely to restore their 
previous level of earnings. 

At the very least, basic skills should 
be taught to those displaced workers 
who lack them, because such remedial 
education may improve their reem
ployment prospects considerably. Af
ter all, many if not most displaced 
workers are interested mainly in find
ing another job. For that reason re
training programs that do not incor
porate job-placement assistance are 
unlikely to attract substantial partici
pation. Programs for displaced work
ers must also offer other services: 
even an experienced worker who has 
adequate basic skills may need coun
seling in the event he or she is laid off. �thOUgh considerable sums have 

been spent on federal programs 
for workers who have little if 

any work experience, there exist few 
programs that serve the needs of ex
perienced workers who have lost their 
jobs. The Trade Adjustment Assis
tance (TAA) program, created in 1962, 
provides income support and retrain
ing for workers able to show they were 
laid off by companies that were under
cut by foreign companies exporting to 
the U.S:, but the only federal program 
serving all displaced workers-regard
less of the cause of their displace-

ment-is Title ill of the 1982 job 
Training Partnership Act (jTPA). 

The main purpose of the Title ill 
program, which had an average annual 
budget of roughly $200 million during 
1982- 1988, is to provide a displaced 
worker with a new job as quickly as 
possible. But Title ill services have 
focused mainly on workers who are 
relatively easy to place in new jobs. As 
a result the program does not serve 
most of the displaced worker popu
lation. According to a 1987 estimate 
by the U.S. General Accounting Office, 
no more than 7 percent of the annu
al flow of displaced workers received 
lTPA assistance. In addition, lTPA serv
ices do not provide training in basic or 
job-related skills, and they rarely pro
vide income support to workers. 

In 1988 annual funding for Title ill 
was increased to as much as $ 1  billion, 
and some reforms of the lTPA were 
mandated. Nevertheless, further re
forms are necessary to expand cover
age to include all displaced workers, 
provide better training in basic and 
job-related skills and increase income 
support for workers who receive the 
training. In addition the web of federal 
and state employment services, un
employment insurance, retraining and 
worker-assistance programs needs to 
be rationalized and made internally 
consistent. It accomplishes little, for 
instance, to prohibit people enrolled 
in training courses from receiving un
employment compensation, which is 
the most important source of tempo-
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pensive advances in technologies. Sev
eral energy research programs in the 
1970's typified this flawed approach. 
If publicly funded R&D programs are 
intended to support faster commer
cialization and adoption of new tech
nologies, they should take a more in
cremental and diversified approach. 
They should also draw heavily on pri
vate-sector input. 

One model for such programs is the 
aeronautics research program of the 
National Aeronautics and Space Ad
ministration. The program contribut
ed Significantly to the development of 
an innovative and internationally com
petitive commercial aircraft industry. 
Further examples of programs that 
have adopted a diversified focus and 

1.00 L-.......!!l..---M_..2l!._-3L_...!L._.lL._1L-----l!!.-----lL-.......!!l..----!!ll_..2lJL_....ll... ....... ..lL.� serve a broad industrial clientele in-
1970 1975 1980 1985 clude the National Science Founda-

FUNDING FOR CMLIAN RESEARCH AND DEVELOPMENT in the u.S. has in recent years 
represented a smaller share of national economic output than it does in West Germa
ny or Japan. The U.S., however, invests more money in military R&D than the other 
two countries. Although the technological "spillover" from military R&D did assist 
the early development of the civilian semiconductor, jet engine and computer indus
tries, the authors argue that it now has a less important role in stimulating industry. 

rary income support for many dis
placed workers. Yet a number of states 
impose such restrictions. 

The eligibility for worker assistance 
should also not be made contingent 
on proof that technological change 
caused the displacement. The intend
ed assistance can be sidetracked by 
the administrative difficulties and de
lays in service that such a requirement 
entails. Eligibility restrictions have 
hampered TAA'S usefulness to work
ers, for example. Even when TAA was 
operating most efficiently, the average 
length of time needed to certify eligi
bility was nine months. By the time 
some displaced automobile workers 
began receiving their TAA income-sup
port payments in the 1970's, they had 
already been called back to work. 

Worker-assistance services are most 
effective when provided to workers 
before they are displaced. In order to 
do that, however, workers must re
ceive advance notice of permanent lay
offs. Recent federal action requiring 
60 days' advance notice of permanent, 
large-scale layoffs or plant closures 
can serve not only to reduce public 
expenditures on unemployment com
pensation but also to smooth labor
market adjustments. 

Changes in Government worker
assistance programs alone are 
not enough to speed up the 

adoption of new technology in the U.S. 
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The country must also fundamental
ly alter its approach toward science 
and technology. U.S. policies in this 
area have tended to concentrate more 
on the generation of new knowledge 
than on the adoption of product or 
process innovations based on that 
knowledge. Because technological and 
scientific knowledge flows across na
tional boundaries more rapidly today 
than ever before, the economic re
turns on investments in basic scientif
ic research cannot always be gathered 
by the nation making the investment. 

In the past the U.S. was able to rely 
on investments in applied research of 
military technologies to yield impor
tant civilian applications. Yet the con
tribution of that kind of research to 
commercial applications in suth tech
nologies as microelectronics appears 
to have declined. The direction of in
fluence may even have been reversed: 
military technologies now appear to 
depend on advances in civilian appli
cations. Currently the U.S. devotes a 
smaller share of national output to 
nondefense research than does West 
Germany or Japan. Yet an increase in 
the funding of civilian basic research 
may now contribute at least as much 
to the military technology base as an 
equal increase in the defense research 
budget. 

In funding nonmilitary R&D, the 
Government must also avoid its past 
tendency to support radical and ex-

tion's Engineering Research Centers 
and its other initiatives in university
industry research cooperation. Recent 
Congressional action to expand the re
sponsibilities of the National Bureau 
of Standards (which included chang
ing its name to the National Insti
tute of Standards and Technology) is 
also aimed primarily at facilitating the 
adoption of new technology through
out the country. 

As the goals of diffusion and com
mercialization become more promi
nent in federal science and technol
ogy policies, however, the U.S. must 
guard against assuming an excessively 
nationalistic or even protectionist pol
icy line. The fact is that scientific and 
engineering research done in the U.S. 
today depends greatly on the research 
done in other countries, and ham
pering international scientific com
munication and collaboration may ul
timately work to this country's disad
vantage. If foreign participation in a 
publicly supported research program 
is restricted as a result of a desire to 
retain all of the program's potential 
economic benefits for the U.S., Ameri
can companies and researchers may 
find their access to foreign research 
restricted in retaliation. For that rea
son the U.S. may end up paying a heavy 
price for prohibiting the participa
tion of foreign companies in the Semi
conductor Manufacturing Technology 
(SEMATECH) consortium and the Na
tional Center for Manufacturing Scien
ces, Inc., in Ann Arbor, Mich., both of 
which are research programs support
ed in part by public funds. 

Rather than restricting the access of 
foreign scientists and engineers to the 
results of publicly funded basic re
search, the U.S. should strive to ease 
the access of American scientists and 
engineers to the results of basic re-
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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 successfull 
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 

BONUS 
GIFT 

Order 
Speed Learning 
today and get this Deluxe, 
Compact Stereo Cassette 
Player ... as a bonus gift, as soon as 
we receive your first payment. It's 
perfect for listening to your Speed 
Learning tapes, anywhere, anytime. 

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 lS 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 awe nothing. 
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search done in laboratories abroad. In 
addition U.S. companies should more 
closely monitor foreign scientific and 
engineering advances and hasten the 
speed with which they apply commer
cial innovations based on them. Pro
tectionism in scientific and technolog
ical research does no more to promote 
U.S. economic welfare than protection
ism in trade policy does. 

Because rapid and widespread 
adoption of new technologies 
is critical to enhanced earnings 

and employment for the work force, 
both labor and management stand to 
gain from encouraging technological 
change. Yet that fact has not led to 
better labor-management cooperation 
in some U.S. industries. 

New management policies could im
prove the situation, however. Employ
ment security is one of the greatest 
concerns of workers in factories and 
offices that are adopting new technol
ogies. Policies to address this concern 
include reassignment of employees 
to other jobs within a company, early 
retirement programs, retraining and 
job-placement assistance for those 
workers who are fired. Without such 
policies labor-management coopera
tion can break down easily. 

On the other hand unions must be 
more willing to consider revisions in 
job classifications and pay schemes in 
order to give the company the neces
sary organizational flexibility to im
plement new technologies. Recent ex
amples of union concessions include 
the basing of wage increases in the 
automobile and aerospace industries 
on profit-sharing rather than cost
of-living provisions. Some U.S. com
panies and unions have also explored 
a quid-pro-quo arrangement: in ex
change for revising job classifications 
and compensation systems, manage
ment assures the union that it will 
seek to minimize layoffs and maxi
mize employment security. Managers 
and workers in a wider range of indus
tries could benefit from similar recip
rocal arrangements. 

Changes in a company's organi
zation that are necessary for it to 
exploit advanced manufacturing proc
esses also have important implica
tions for its employees. Such reorga
nization often shifts more responsi
bility for product quality and process 
control to workers, reducing the im
portance (and possibly the number) of 
middle managers. As a result middle 
managers may resist the organization
al changes needed to adopt these tech
nologies successfully. 

This shifting of responsibility also 
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means that worker training should not 
take place only when new equipment 
is installed in an office or factory. It 
should be an ongoing activity. If pro
duction workers are to assume many 
of the responsibilities of middle man
agers or technical employees, their 
skills must be periodically renewed 
through training programs similar to 
the programs developed by some U.S. 
companies for their middle-manage
ment and technical staff. 

Another private-sector obstacle to 
the adoption of new technology in the 
workplace is the fault of management 
alone. Many U.S. corporations evaluate 
investments in new technology by ap
plying analytical techniques that over
emphasize direct labor costs (produc
tion workers' wages and salaries) and 
ignore potential savings in overhead. 
Yet a reduction in overhead costs is 
one of the most important benefits 
derived from the adoption of comput
er-based technologies and the orga
nizational changes that should accom
pany their adoption. Indeed, in many 
industries, Japanese companies have 
a greater comparative advantage over 
their U.S. competitors in overhead 
costs than in direct labor costs. 

In addition, standard accounting 
techniques often fail to incorporate 
the cost and profitability consequen
ces of improvements in product qual
ity, reductions in inventory and oth
er intangible gains from the adoption 
of advanced manufacturing technolo
gies. Because managers do not quanti
fy such cost savings, they may also be 
unable to quantify properly the bene
fits of the reorganization that often 
must accompany the introduction of 
new production processes. 

In sum, the education of managers 
in the U.S. appears to focus on out
moded or biased techniques for finan
cial analysis; it overlooks the poten
tial competitive advantages inherent 
in the creative application of modern 
technology. That situation should be 
corrected. The development of new 
analytical techniques that incorporate 
the technological, organizational and 
financial dimensions of innovation is 
long overdue. 

Technological change and its con
comitant structural change per
vade the U.S. economy, as they 

do any dynamic economy. Far from re
ducing economic welfare, such chang
es are essential to the further growth 
of earnings and employment oppor
tunities. The expanded role of inter
national trade in the U.S. economy 
and the quickened pace of technology 
transfer have made the rapid develop-

ment and adoption of new �echnolo
gies a critical determinant of the coun
try's competitiveness in the global 
market. 

Dealing with the budget and trade 
deficits of the 1980's will require that 
both the Government and the citizen
ry of the U.S. live within their means, 
increase savings and investment, and 
reduce spending on consumption. 
These adjustments will be far less 
difficult if they are supported by 
growth in productivity that exceeds 
the rate of the past decade. Here again 
technological change plays a crucial 
role, but it requires improv€:d pub
lic and private poliCies to tackle the 
changing employment patterns it in
evitably causes. Better poliCies must 
be developed to assist displaced work
ers, to enhance the effectiveness of 
the national educational system and 
to encourage cooperation between la
bor and management. Such poliCies, 
which address the adverse economic 
effects of new technology, can serve to 
facilitate its introduction and diffu
sion throughout the economy. 

The U.S. has little choice but to man
age the development and adoption of 
new technologies more efficiently and 
humanely. Remaining at the leading 
edge of technology is essential to ex
panding economic opportunity for all 
members of society. Indeed, techno
logical change appears to offer an 
unusual opportunity to enhance eco
nomic welfare while also improving 
the nation's economic efficiency. 
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THE BMW §l5i IS SLOWER,LESS 
ROOMY AND mm Slo,ooo MORE. 

MAYBE IT'S THE NEW MATH. 
INTRODU[ING 

THE .,lfO GLE li-YALVE. 
It didn't seem odd to our engineers 

that the new Volvo 740 GLE 16-valve 
outperformed the BMW 525i from 
0-55 mph:" Mter all, the 153 horse
power, twin-cam may be Volvo's most 
advanced engine to date. 

It certainly wasn't peculiar to our 

designers that the Volvo provides more 
front headroom and rear legroom. With 
standard amenities such as heated seats, 
air conditioning and a power sunroof, the 
Volvo interior is designed to make your 
driving experience more pleasurable. 

And it didn't come as a surprise to 
Volvo enthusiasts that the 740 GLE 
16-valve comes equipped with safety 
features such as a driver's side Supple-

>Independent tests for 1989 automatic transmission models. t 1989 manufacturer's suggested retail prices. 

mental Restraint System (unlike the 
BMW) and an anti-lock braking system 
Gust like the BMW). 

What everyone agreed was bizarre, 
however, was the fact that the BMW 
costs an alarming $10,000 more: 

Test drive the new 740 GLE 16-valve. 
Because a Volvo, unlike many of today's 
sticker prices, makes all VOLVO 
the sense in the world A car you can believe in 
© 1989 VOLVO NORTH AMERICA CORPORATION 
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engle-Topic Issue 

Each year, SCIENTIFIC AMERICAN devotes an entire issue to an in-depth 
look at a single topic. The single-topic issue has focused on such important sub
jects as the brain, advanced computing, economic development and AIDS. This 
year's topic, Managing Planet Earth, marks the 40th consecutive SCIENTIFIC 
AMERICAN single-topic issue. And it may well be the most important yet. 

"As the 20th century draws to a close, one issue looms as the central challenge 
that we face: Can the earth be made safe for human beings and other forms 
of life? 

"C alling a worldwide industrial and agricultural time-out is not a real option. 
Neither is journalistic hand-wringing that fails to offer solutions. Somehow 
humankind must devise a strategy that reconciles economic growth and devel
opment with a habitable environment. 

"The Editors of SCIENTIFIC AMERICAN have invited the most eminent biolo
gists and earth scientists to join with the most knowledgeable and creative 
industrial executives and concerned political leaders to map out a bold, effec
tive strategy for meeting the challenge of managing planet Earth. "  

Jonathan Piel, Editor 

Some of the subjects to be covered in this SPECIAL ISSUE 
• GLOBAL CHANGE - Introductory 

article 

• THE CHANGING ATMOSPHERE 

• THE CHANGING CLIMATE 

• THE CHANGING HYDROSPHERE 

• THE CHANGING BIOTA 
• AGRICULTURE IN A CHANGING 

ENVIRONMENT 
• ENERGY USE IN A CHANGING 

ENVIRONMENT 

• MANUFACTURING IN A CHANGING 
ENVIRONMENT 

• ECONOMIC DEVELOPMENT IN A 
CHANGING ENVIRONMENT 

• MANAGING THE WORLD' S  
POPULATION 

• POLICY PATHS FOR THE FUTURE 

• ES SAY: OUR COMMON FUTURE 
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Creating Superheavy Elements 
Nuclei far more massive than those found in nature 

are stabilized by subtle quantum-mechanical effects. Experimenters 
have had to revise ideas of how best to synthesize them 

by Peter Armbruster and Gottfried Miinzenberg 

During the past 20 years physi
cists around the world have 
been engaged in the task of 

producing superheavy elements. At 
the Institute for Heavy-Ion Research 
(GSI) in Darmstadt we have met with 
some success, synthesizing the nu
clei of elements 107, 108 and 109. 
These nuclei lie beyond the 106-pro
ton threshold that marked the limits 
of previous techniques for creating 
and identifying heavy elements. 

Experimental mass measurements, 
followed up by theory, show that the 
new elements owe their stability to 
the microscopic arrangement of their 
protons and neutrons rather than the 
macroscopic properties that stabilize 
lighter nuclei. On the other hand we 
have met with problems that have 
thus far prevented us from reaching 
the goals set in the late 1960's, when 
elements up to 114 seemed within 
reach. Working to overcome obsta
cles to further progress, however, has 
deepened our understanding of nu
clear structure and of the dynamics 

PETER ARMBRUSTER and GOTTFRIED 
MONZENBERG work on the synthesis 
of superheavy elements at the Institute 
for Heavy-Ion Research (GSI) in Darm
stadt. Armbruster has been chief scien
tist at GSI since 1971. He leads a re
search group in nuclear chemistry and 
atomic physics; his personal interests 
are reactions between heavy nuclei and 
the use of heavy ions to study questions 
in atomic and solid-state physics. He 
received his doctorate from the Techni
cal University of Munich. Mllnzenberg 
has worked in Armbruster's group at 
GSI since 1976. His research interests 
include the ground-state properties of 
heavy nuclei, cold fusion of heavy ions 
and the production and separation of 
exotic nuclei. He received his doctorate 
from the University of Giessen; while 
there he designed the SHIP velocity filter 
for GSI and oversaw its construction. 
Now that a heavy-ion synchrotron is be
ing added to GSI'S facilities, he is lead
ing the construction of a separator for 
relativistic beams of exotic nuclei. 
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of fusion reactions between nuclei. 
Nucleosynthesis has come a long 

way from the earliest years when ele
ments not found in nature were creat
ed in nuclear reactors. Physicists have 
employed ever-heavier projectiles to 
bombard target atoms; the latest de
velopment is "cold fUSion," in which 
masses and bombardment energies 
are carefully chosen to minimize the 
excitation of newly formed nuclei. 

In the course of our work early ideas 
about how to synthesize superheavy 
elements have almost all turned out to 
be wrong: the nuclei of the elements 
that can be synthesized are deformed 
and not, as postulated in 1966, spheri
cal. In the fusion process we use sta
ble, naturally plentiful spherical nu
clei and medium-weight projectiles, 
not, as expected earlier, the heaviest 
radioactive man-made nuclei and cor
respondingly light projectiles. Fusion 
must take place at the lowest possi
ble bombardment energy-as gently 
as pOSSible, and not, as believed earli
er, with excess impact energy to assist 
the process by brute force. 

The idea of synthesizing transura
nic elements (those with atomic 
numbers greater than 92) first 

appeared in the 1930's. In 1934 Enrico 
Fermi bombarded thallium with slow 
neutrons to produce lead by beta de
cay (the decay of a neutron into a pro
ton and an electron). Neutron capture 
followed by beta decay produces ele
ments one atomic number higher than 
the original element. 

Between 1940 and the mid-1950's 
the elements 93, 94, 99 and 100 were 
produced by neutron irradiation. Fit
tingly fermium 100 was the last of the 
chain of elements that could be pro
duced by Fermi's process of neutron 
capture and beta decay: none of its 
isotopes displays beta decay. During 
the same period, elements 95 to 98 
and 101 were produced by alpha ir
radiation, a process in which heavy 
nuclei absorb two protons and two 

neutrons, thus ratcheting the atomic 
number up two steps at a time. lJke all 
heavy elements the transuranics con
tain more neutrons than protons. Plu
tonium (element 94), for example, typ
ically contains 145 neutrons for a total 
mass of 239; the longest-lived isotope 
of fermium has 157 neutrons for a 
total mass of 257. 

To create elements beyond 100 the 
obvious approach was to fuse the nu
clei of the heaviest elements with the 
nuclei of light elements containing 
more protons and neutrons than he
lium. Elements up to 99 were suit
able because they could be produced 
in weighable macroscopic quantities. 
Accelerators were developed at Berke
ley in the U.S. and Dubna in the U.S.S.R. 
that could give heavier ions enough 
energy to overcome the electrostat
ic forces that hinder fusion. Between 
1958 and 1974 these heavy-ion accel
erators made possible the synthesis of 
elements 102 to 106. Claims to the 
first discovery of these elements, and 
thus the privilege of naming them, 
remain disputed. 

The procedures that served so well 
at Berkeley and Dubna have failed 
to produce elements beyond 106. To 
understand why superheavy elements 
should be so difficult to synthesize
and why some of them may be particu
larly stable-cit is necessary to under
stand how nuclei in general hold to
gether or break apart and how the bal
ance of the different forces that govern 
their stability changes with increas
ing mass. Effects that are negligible 
in smaller nuclei turn out to make the 
difference between total instability 
and relatively long life in larger ones. 

The essential feature of all nuclei 
is the interplay between the strong 
nuclear force, which binds both pro
tons and neutrons together, and the 
electrostatic force, which pushes pro
tons apart. As nuclei get heavier they 
become relatively more neutron-rich, 
which offsets some of the repulsive 
forces between protons. Nonetheless, 
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CLOSED NUCLEAR SHELLS (black lines) distinguish nuclei with 
numbers of protons and neutrons that contribute to extra 
stability. The shell corrections plotted here increase nuclear 
binding energy and make possible the existence of isotopes 
that would not be stable if they consisted simply of drops 

of "nuclear fluid." The fission barrier for liquid drops (pink) 
vanishes at about element 107. The shell effects peak in the 
vicinity of lead (lower left) and then climb again into the reo 
gion of superheavy elements. Circles mark the proton and neu· 
tron numbers of isotopes synthesized by the authors' group. 
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HALF-UVES of radioactive elements de
crease rapidly with increasing mass_ The 

heaviest elements produced so far decay 
almost immediately after they have been 
synthesized and so require new meth
ods for detecting and identifying them_ 

the binding of nucleons peaks at iron 
(26 protons and 30 neutrons), less 
than a quarter of the way up the table 
of elements, and declines thereafter_ 

Although the splitting of any nu
cleus heavier than iron can release 
energy, the energy required to frag
ment those less massive than lead 
is so great that the reaction takes 
place only under extraordinary condi
tions_ Because nuclei more massive 
than lead can achieve a more strongly 
bound state by emitting just a small 
part of the nucleus, they are unstable_ 
The natural isotopes of thorium and 
uranium decay for the most part by 
emitting an alpha particle_ Only in ura
nium and heavier elements do unex
cited nuclei fission spontaneously. 

In general atomic nuclei are increas
ingly unstable as their atomic number 
(the number of protons in the nucle
us) goes up: half-lives decrease from 
thousands of years to millionths of a 
second. Theories of nuclear structure 
lead us to believe, however, that ele
ments only slightly heavier than those 
so far created will be more rather than 
less stable. 

Nuclei with certain combinations of 
neutrons and protons have particular
ly high binding energies; helium 4, 
oxygen 16, calcium 40, calcium 48 and 
lead 208 are very stable in comparison 
with their neighbors. These high bind
ing energies are due to a shell struc
ture that is the nuclear equivalent of 
the shells into which electrons orga
nize themselves around the nucle
us. Nucleon configurations that form 
fully occupied shells are particularly 
stable. The shell structure increases 
the binding energy of a nucleus by 
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as much as 1 1  million electron volts 
(MeV ), in the case of lead, over that 
of a hypothetical structureless droplet 
that has the same number of neutrons 
and protons. For most nuclei, which 
have binding energies of up to two 
billion electron volts, this increase is 
relatively insignificant. For heavier ele
ments with marginal stability, howev
er, the "shell stabilization" can mean 
the difference between instant disin
tegration and a relatively long life. 

Nuclei with "closed" neutron and 
proton shells are particularly stable; 
the next such closed shell after lead 
occurs at 114 protons and 184 neu
trons. The success of the shell theo
ry in predicting binding energies for 
lighter nuclei fueled the speculation 
that nuclei with masses close to 298 
might be so strongly stabilized that
as in the case of uranium and thori
um-they could form a zone of rela
tively stable elements. These super
heavy shell-stabilized elements, how
ever, in contrast to the elements of the 
uranium-thorium region, would be un
stable as homogeneous droplets of nu
clear material. 

The first of the superheavy shell
stabilized elements, 107, whose prop
erties match those of the ekarhenium 
postulated by Fermi, was identified in 
Darmstadt in 1981,47 years after his 
prediction. Since then we have also 
produced and identified elements 108 
and 109. Measurements of their bind
ing energy show that we have already 
stumbled into the region of the su
perheavy elements. We are now inves
tigating the limits that apply to the 
production of still heavier elements. 

S ynthesizing heavy elements by 
fusion requires the experiment
er to walk a fine line between 

methods of bombardment that yield 
no reaction and those that cause the 
fused nucleus to fission instead of 
settling into a relatively stable state. 
Reduced heating of the newly formed 
nucleus is the most important reason 
for Switching from light-ion bombard
ment of relatively heavy target nu
clei to bombardment of less massive 
targets with relatively heavier ions (a 
change pioneered by Yuri Oganessian 
and his colleagues at Dubna). For ex
ample, when lead 208 or bismuth 209 
fuses with chromium 54 or iron 58, 
the excitation energy of the new nucle
us is about 20 MeV. On the other hand, 
in the fusion of heavy actinide targets 
(californium 249, berkelium 249 or 
curium 248) with carbon 12, nitrogen 
15 or oxygen 18, an excitation energy 
of about 45 MeV results. 

The nucleus formed from light ions 

and actinide targets relaxes by means 
of the emission of four neutrons. In 
contrast the one formed from lead 
or bismuth and heavier ions relaxes 
by emitting only a single neutron. Be
cause the probability that a nucleus 
cools down by emission of a neutron 
is only a few percent of its likeli
hood of undergoing fission, each neu
tron-emission step that a nucleus un
dergoes significantly reduces the ulti
mate yield of superheavy nuclei. The 
one-neutron relaxation mechanism is 
much more likely to allow a newly 
formed nucleus to remain intact. 

Unfortunately cold fusion has a dis
advantage as well: the repulsive elec
trostatic forces between the two nu
clei make it more difficult for the two 
nuclei to fuse. When two nuclei ap
proach each other part of their kinetic 
energy is converted into excitation en
ergy of the transient collision system 
and is no longer available for over
coming the fusion barrier, thus reduc
ing the chances of fusion. For cold 
fusion using heavy ions more kinetic 
energy is converted during the ascent 
and passage of the fusion barrier, and 
so the probability of overcoming the 
fusion barrier is much reduced, com
pared with a reaction between light 
ions and the heaviest targets. 

If the initial energy is increased to 
compensate for these losses, excita
tion energy increases and the number 
of surviving nuclei goes down. As a 
result only beyond element 106 are 
there clear advantages for cold fusion. 
We have shown that the largest cross 
sections for forming heavy elements 
lie in a narrow energy range of about 5 
MeV above the fusion barrier. �le the theory of how to pro

duce superheavy nuclei may 
be an interesting exercise, the 

practice is a much more complex af
fair. Theories must mesh with acceler
ator and target designs as well as with 
the development of detectors that can 
verify the existence of a superheavy 
nucleus once it has been synthesized. 
When the idea of superheavy elements 
caught the imagination of physicists 
and chemists at the end of the 1960's, 
no one in Germany was experienced 
in nucleosynthesis. For newcomers to 
the field many doors stood open. 
There was much to learn from the old 
hands in Berkeley and Dubna, but it 
was clear that further progress would 
not be made by copying them. What 
was needed was an accelerator for 
heavy ions, fast separation methods 
to isolate the new elements and cor
responding techniques for identify
ing them. And the question of exactly 

© 1989 SCIENTIFIC AMERICAN, INC



which nuclear reactions would lead to 
success was still unanswered. 

In 1969 the German central govern
ment and the state of Hessen agreed 
on joint funding of a new institute for 
heavy-ion research (Gesellschaft fUr 
Schwerionenforschung), to be located 
in Darmstadt. The Universal linear Ac
celerator (UNIlAc), around which the 
work of the GSI is built, has been op
erational since 1975. 

The UNIlAC can accelerate all ions 
up to and including uranium to ener
gies above the Coulomb barrier. The 
machine was designed from the be
ginning to produce the highest possi
ble ion currents. Particular effort was 
made to enable the ion energy to be 
varied in small steps and to allow it to 
be reproducibly set at a given value. 
The accelerator's design was initially 
worked out by Christoph Schmelzer 
and his colleagues in Heidelberg. The 
design also builds on previous work 
elsewhere: the ion sources are a modi
fied version of sources used in Dubna 
to produce highly charged ions, and 
the Alvarez structure developed at 
Berkeley forms part of the high-fre
quency linear accelerator. 

As the UNIlAC was being built many 
groups addressed the question of how 
best to use the machine: Which reac
tions and which techniques should be 
used? In its infancy the UNIlAC was 
used to test all manner of ideas, but 
eventually one strategy-cold fusion 
coupled with recoil transport of fu
sion products-won out. 

S ince the discovery of plutonium 
in 1941, about 400 tons of this 
element has been synthesized, a 

quantity corresponding to 1030 atoms. 
On the other hand only a few atoms of 
element 109 have been produced and 

identified. Why have the heaviest ele
ments been produced in such vanish
ingly small quantities? The answer is 
that tons of neutrons have bombarded 
blocks of uranium 238 several centi
meters thick or more to make plutoni
um; the UNIlAC, on the other hand, has 
accelerated only 100 micrograms of 
iron 58 onto lead 208 targets a few 
hundred nanometers thick. In addi
tion the cross section for neutron cap
ture, the reaction that produces pluto
nium 239, is roughly 10 trillion times 
that of the cross section for the nucle
ar fusion that yields element 109. 

The increasing difficulty of produc
ing ever-heavier elements is only part 
of the story. Once synthesized, ele
ments such as 109 decay so rapidly 
that synthesis cannot keep up with 
decay. The heavier elements are so 
short-lived that by the end of the irra
diation all atoms created have already 
decayed. These atoms must therefore 
be detected and identified during the 
production process itself. 

For elements up to 106, production 
and detection techniques relied essen
tially on mechanical means to trans
port the newly produced elements out 
of the reaction area to a detector. The 
transport time between creation and 
detection of the reaction products was 
determined by the flow velocities of 
the reaction products in gases, by 
their diffusion times out of solid sur
faces or by the speed of rotating tar
get wheels. These techniques, howev
er, were not good enough for detect
ing elements heavier than 106. They 
imposed unacceptable trade offs be
tween speed and accuracy of detec
tion, so that the faster methods were 
not able to identify newly produced 
isotopes with certainty. 

The technique we adopted in Darm-

stadt was to let the recoil velocity im
parted to the reaction products by the 
incoming heavy ions transport newly 
formed nuclei to our detector. When a 
heavy ion strikes a target atom and 
fuses with it, the resulting nucleus 
continues along the ion's original path 
at a velocity up to several percent of 
the speed of light. As a result, nuclei 
with half-lives as short as 100 nano
seconds can be detected. 

Although the recoil transport tech
nique makes possible the detection 
and identification of very short-lived 
nuclei, it also complicates the detec
tion apparatus. Not only do the indi
vidual nuclei formed by the fusion 
reaction travel out of the reaction area 
at high speed, but so do trillions of 
heavy ions as well as thousands of 
atoms knocked out of the target foil. 
To separate the superheavy nuclei 
from the rest of the beam, we installed 
a velocity filter (sHiP-separator for 
heavy-ion reaction products), devel
oped in collaboration with the Second 
Physics Institute of the University of 
Giessen. Because of the kinematics of 
the collision and fusion reaction, all 
the fusion products recoil at a veloci
ty that can be calculated beforehand. 
Therefore, they can be separated in a 
relatively straightforward fashion. 

The filter consists of two stages, 
each employing both electric and mag
netic fields. The two fields tend to de
flect charged objects in opposite di
rections; only for a nucleus traveling 
at the correct velocity will the effects 
cancel so that it continues along the 
midplane of the device. Our tandem 
filter reduces the number of accelerat
ed ions entering the detection area by 
a factor of 100 billion and the number 
of recoil nuclei from the target by a 
factor of 1,000. 

SUPERHEAVY ELEMENTS 107, 108 and 109 were identified on 

the basis of decay patterns observed at the Institute for Heavy
Ion Research (GSI) in Darmstadt. Detectors registered the mass 
of the incoming fusion product, followed by a series of alpha-

particle emissions and, in the case of element 104, sponta
neous fission. The probability of such correlated signals aris

ing by chance is less than one in 1,000 trillion; a single decay 
series can thus prove the existence of a superheavy element. 
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Although the SHIP spectrometer 
eliminates almost all of the unwant
ed particles from the beam, it allows 
more than 40 percent of the fusion 
products to pass. The detectors that 
follow that spectrometer record the 
decay chains of the particles coming 
through the spectrometer, so that we 
can identify the fusion products with 
complete certainty. 

The first element in the final detec
tor system is a time-of-flight arrange
ment that measures a particle's veloc
ity for the third time (the first two 
measurements are the basis for the 
velocity filters). After passing through 
the time-of-flight detector, the particle 
implants itself in spatially sensitive 
silicon surface-barrier detectors that 
register its position and energy. The 
combination of flight time and energy 
allows a rough determination of the 
mass, and so fusion products can be 
distinguished from scattered ions and 
recoiling target nuclei. 

A firm identification of a nucleus 
nonetheless requires that its decay be 
correlated with the decays of its radio
active daughter products. Decay proc
esses stemming from a single nucleus 
will have the same spatial coordinates, 
and the resulting daughter nuclei will 
undergo decay processes whose type, 
energy and half-life are known from 
previous measurements. 

Given such correlated decays it is 
possible to identify each fusion-prod
uct nucleus unambiguously. Although 
a spurious particle located at the same 
place as our putative fusion product 
might decay and cause a spatially cor
related signal, it is extremely unlike-

TARGET WHEEL 

ly that its decay energy, half-life and 
type would match that predicted for 
the fusion product. We have observed 
such decay chains up to the fourth 
generation; the likelihood that such a 
series of correlated events would oc
cur by chance is somewhere between 
one in a quintillion and one in a sextil
lion. If correlated events from a de
sired isotope occur at a rate of one per 
day, then one would have to wait for 
100 times the age of the earth to see 
one spurious signal comprising four 
generations of decays. As a result even 
a single event can demonstrate un
equivocally the existence of a given 
superheavy isotope. 

B etween 1981 and 1986 we and 
our collaborators Peter Hessber
ger, Sigurd Hofmann, Matti Lei

no, Willibord Reisdorf and Karl-Heinz 
Schmidt employed the UNIlAC and its 
detector system to synthesize and 
identify elements 107 to 109. In the 
course of our experiments we synthe
sized 14 isotopes of elements 104 to 
109 (of which five were known previ
ously) as well as two further isotopes 
of elements 107 and 108 with mass 
numbers 261 and 264, respectively. 

In 1981 we produced an isotope of 
element 107 with mass number 262 by 
bombarding bismuth 209 with chro
mium 54. For the odd-odd isotope 
of element 107-in which both the 
proton and the neutron numbers are 
odd-we know five alpha-decay ener
gies, which provide insight into the 
energy levels of the nucleus; we can 
tell that the isotope also possesses an 
isomer (a long-lived excited state). 

Element 109 was identified on the 
basis of a single decay chain observed 
at 4:10 P.M. on August 29, 1982, in the 
reaction between iron 58 and bismuth 
209. The' nucleus of 266109 survived 
for five milliseconds before emitting 
an ILl-MeV alpha particle; the result
ing nucleus of element 107 decayed 
into 105 after 22 milliseconds; 105 
decayed into 104, followed 12.9 sec
onds later by spontaneous fission of 
the nucleus of element 104. From this 
one chain the decay energy, half-life 
and cross section could be deter
mined, although with limited accura
cy. Two more decay chains were ob
served in early 1988-six years af
ter the identification of element 109. 
They confirm the interpretation of the 
event observed in 1982. 

In 1984 we identified three decay 
chains of the isotope 265108 in the 
reaction between iron 58 and lead 
208. The two identified isotopes of 
the elements 107 and 109 are odd
odd isotopes with strongly reduced 
fission probability, but the isotope of 
element 108 has an even number of 
protons and an odd number of neu
trons. Even though the fission prob
ability of even-odd isotopes is signifi
cantly larger than for odd-odd ones, 
265108 displays alpha decay. 

It is of particular interest that no 
isotope of elements 107 to 109 dis
plays spontaneous fission and that 
the even-even isotopes 256104, 260106 
and 264108 all show nearly the same 
stability with respect to spontaneous 
fission. The approximately constant 
level of stability shows how shell-sta
bilization effects counteract the over-

EFFICIENT FILTER is crucial to the detection and identifica
tion of super heavy elements. Signals from the ion beam that 
bombards the target wheel would otherwise overwhelm the 

detector system. The SHIP (separator for heavy-ion reaction 
products) filter at GSI consists of two sets of electrostatic and 
magnetic deflectors that allow only ions having the proper 
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all decrease in stability that occurs 
with increasing mass. 

O n the far side of elements 104 
and 105 lies a small island 
of nuclei that decay by alpha 

emission into known isotopes of light
er elements. These alpha decays let us 
determine the binding energy of the 
superheavy elements. In each step of 
the decay, if the binding energy of the 
daughter nucleus is known, it is possi
ble to calculate the binding energy of 
the initial nucleus from its alpha-de
cay energy. For a chain of alpha decays 
it is possible to arrive at the bind
ing energy of the initial member of 
the series if the binding energy of 
the end product is known. The decay 
chain from 264108 to 26°106 to 256104 
to 252102 can be reconstructed be
cause one event has been observed for 
the decay of each of elements 108 and 
104 and several for element 106. The 
binding energies for these nuclei are 
120, 106 and 94 MeV, respectively. 

The shell correction to the binding 
energy increases steadily for all iso
topes in the range from uranium 232 
to 264108 that are connected by alpha
decay processes; the corresponding 
values rise from 1 to 2 MeV up to 6 to 7 
MeV. In fact, the elements from ura
nium to element 108 all have equal
ly high fission barriers of about 6 
MeV. In contrast to uranium, which 
would still be stable as a nuclear drop
let, elements 106 and 108 owe their 
stability entirely to the quantum-me
chanical arrangement of their many
body fermion systems. Recent the
oretical work predicts fission barri-

ers that agree with our measurements. 
The height of the fission barrier and 

its width for the most part determine 
the half-life of an element with respect 
to fission. Shell corrections increase 
the lifetimes of elements 106 and 108 
by 15 orders of magnitude. On a loga
rithmic scale the observed half-lives 
lie midway between the eigenzeit of a 
nucleus (the roughly 1021 seconds it 
would take for an unbound collection 
of nucleons to fly apart) and the age of 
the universe (1018 seconds). It is only 
in comparison with a human lifetime 
(2 x 109 seconds) that the new ele
ments are unstable. To become stable 
on this scale the half-lives would have 
to be greater by 12 orders of magni
tude. Nuclear phYSiCS, however, is not 
based on human time scales. 

The island of alpha activity that 
we have found is a direct con
sequence of the stabilization of 

these isotopes by shell corrections. 
Thus, the stabilization predicted in 
the late 1960's for the spherical su
perheavy nuclei around element 114 
actually begins much earlier than 
expected and grows steadily. In the 
narrow instability minimum on the 
far side of lead, between elements 83 
and 90, the shell corrections decrease. 
But between elements 92 and 114 
the shell-correction energies increase 
slowly and smoothly. 

Even the dikes of the island of su
perheavy nuclei are stabilized by 
quantal ordering of the fermion sys
tem, whereas the mainland of nuclei 
is stabilized by the bulk properties of 
liquid drops. The nuclei of elements 

107 to 109 lie on the dike between 
the island and the mainland, and 
it is merely a question of viewpoint 
whether the new isotopes belong to 
the island or to the mainland. In any 
case they too-like the superheavy 
elements-can only be detected be
cause of the shell stabilization of their 
ground states. 

If we look at the latest predictions 
of the theory for the shell corrections 
to the binding energy, we see a region 
of almost 400 superheavy nuclei be
tween elements 106 and 126 whose 
fission barriers exceed 4 MeV. All 
those isotopes should have half-lives 
of more than a microsecond; if they 
can be synthesized it should be possi
ble to detect them with existing tech
niques. Particularly stable regions are 
expected in the vicinities of the iso
topes 273109 and 291115. At a neutron 
number of about 166, the ground
state deformation changes. Isotopes 
lighter than this are deformed, where
as the heavier ones are spherical. 

In the past 20 years all attempts to 
produce isotopes that lie in the 
expected center of the stabiliza

tion at 298114 have failed. Neither fu
sion nor any other heavy-ion reaction 
has led to the detection of these su
perheavy isotopes. Nonetheless, the 
basic idea of possible shell-stabilized 
nucleon systems beyond the stable 
nuclear droplets has been confirmed 
by the experiments described here. 
There remains every reason to believe 
that the theory can be extrapolated to 
even heavier elements. 

An interesting question which now 

velocity to pass. Ions that do not match the characteristics of 

the expected fusion products are diverted out of the beam 
path. SHIP reduces the number of heavy ions in the beam by a 

factor of 100 billion and the number of recoiling target nuclei 
by a factor of 1,000. A superheavy nucleus, on the other hand, 
has better than a two in five chance of reaching the detector. 
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SUPERHEAVY ISOTOPES are distinguished by their resistance 
to decay by fission (blue). Instead of fissioning they decay by 
emitting alpha particles (red) or by electron capture (a process 
in which one proton turns into a neutron, reducing the atom· 

ic number of the nucleus by one). In contrast to the general 
trend of reduced stability with increasing atomic number, the 
half.1ife of element 109 is greater than that of 108. Isotopes 
outlined in bold are those synthesized by the authors' group. 

arises is: What is it that finally limits 
the creation of these fragile objects? 
Our intensive studies of fusion reac
tions have presented us with some 
important clues. Shell-stabilized nu
clei with spherical ground states can 
be destroyed by excitation at ener
gies of as little as 15 MeV-this was 
demonstrated experimentally by Karl
Heinz Schmidt as early as 1979-

whereas deformed nuclei can survive 
excitations of up to 40 MeV. Even in 
the reaction between calcium 48 and 
curium 248-the most suitable acces
sible reaction-one finds an excitation 
energy of about 30 MeV. This means 
that we can only produce superheavy 
elements with deformed nuclei. These 
attempts, however, have to date only 
succeeded for elements with atomic 
numbers smaller than 11 O. 

The fusion of two nuclei to form a 
superheavy nucleus is, as mentioned 
earlier, hampered from the very be
ginning by the need to overcome the 
fusion barrier. For a given product 
nucleus the probability of overcom
ing the fusion barrier is smallest when 
the lightest possible ions bombard the 
heaviest possible targets. In spite of 
its advantage in ease of fusion, this 
most asymmetric combination has 
the disadvantage of producing maxi
mum heating of the product nucleus, 
thereby leading to the largest losses 
through fission on deexcitation. The 
less asymmetric the combination, the 
smaller the losses at the cooling-down 
stage. The best compromise between 
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small losses at the final stage and 
probability of large formation at the 
initial stage is offered by the more 
symmetric combinations with target 
nuclei in the vicinity of lead. 

The use of lead and bismuth as 
targets makes twofold use of the shell 
correction of these nuclei: the strong 
binding of these nuclei with their dou
ble-closed shells leads to a reduction 
in the energy delivered to the product 
nucleus of more than 10 MeV and to a 
corresponding reduction in the fission 
losses. Moreover, the chance of over
coming the fusion barrier is greater 
when spherical, strongly bound and 
relatively hard nuclei are used as reac
tion partners. Here again, the strong 
shell effects of lead come into their 
own-this time, however, in the dy
namics of the process. 

We are now beginning to under
stand why even heavier elements will 
be very difficult to produce. It is only 
the interplay of shell corrections in fu
sion partners that have closed shells, 
shell effects in the dynamics of the fu
sion reaction and the higher stability 
of deformed superheavy nuclei under 
excitation that enables us to create a 
few isotopes of the lightest super
heavy elements. We have to extend the 
original question about the existence 
of shell-stabilized nuclei to the effect 
of shell corrections in all stages of the 
synthesis process. Introduction of al
ready existing ordering and avoidance 
of unnecessary disordering in the fu
sion reaction are the essentials for the 

creation of those complex and frag
ile objects. 

How will further superheavy ele
ments be produced? For elements 110 

and III it should be possible to use 
the methods we have developed for 
reactions between nickel 62 and lead 
208 or bismuth 209. Once the ele
ments are produced, detecting them 
is less a question of essential new ex
pertise and more a matter of enriched
isotope requirements coupled with 
the patience to master and apply our 
technique over periods of months. 
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Topobiology 
The word refers to {place-dependent" interactions, which appear 

most strikingly in the developing embryo. Surprisingly, their study 
has provided a major clue to the origins of the immune system 

O ne of the most gratifying 
things about science is that 
it is impossible to predict just 

where a particular trail of research will 
lead. Indeed, an extended investiga
tion may wind up shedding light on a 
long-standing puzzle in a field that 
initially appeared to be quite distant. 
Just such an unexpected connection 
has recently appeared between the 
two areas of biology on which I have 
spent most of my scientific career 
working. The first of these areas was 
the structure of antibodies, the im
mune system molecules that recog
nize invaders and trigger their de
struction. That work reached its cul
mination in the late 1960's with the 
elucidation of the complex structure 
of antibodies. 

Then, in the early 1970's, it be
came apparent that antibodies belong 
with certain other immune system 
molecules in a single evolutionary en
tity called the immunoglobulin su
perfamily. Although that was a strik
ing finding, I was perhaps not quite 
as intrigued as I might have been a 
few years before, because by that time 
my interest had turned to another 
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problem: how cells interact in a de
veloping embryo to yield an organ
ism. The new work led to the discovery 
of cell-adhesion molecules, or CAM's, 
which are proteins that mediate in
teractions between cells in the em
bryo. More recently insights derived 
from the analysis of CAM's and relat
ed molecules have begun to lay the 
groundwork for a molecular embryol
ogy, which links the form and function 
of embryoniC tissues to evolution and 
genetics. Most of this article will be 
devoted to describing those recent 
investigations. 

Yet before the article ends I shall 
return to the subject of my earlier 
work. The reason for the recursion is 
that, ironically, the discovery and anal
ysis of CAM's have resolved the long
outstanding problem of the evolution
ary origin of the immunoglobulin su
perfamily. Recently it has been shown 
that the genes for CAM's and those 
for immunoglobulins have so many 
similar DNA and protein sequences 
that they must be related in evolu
tion. Moreover, CAM's are widespread 
in the animal kingdom, whereas the 
adaptive immune system is limited to 
vertebrates. Therefore, it seems likely 
that the immune system molecules 
arose from the genes of the cell-adhe
sion system in a remarkable piece of 
evolutionary opportunism. 

Both antibodies and cell-adhe
sion molecules have their main 
effects at the surfaces of cells. 

Surface interactions between cells can 
lead to changes in gene expression 
and in cell shape, movement and func
tion. Just which reactions will take 
place when cells interact depends in 
part on the history of the cells: on 
what interactions they have had with 
other cells in the past. What is more, 
because these interactions depend on 
what cells surround any given cell, 
cells react differently at different plac
es. Such "place-dependent" interac
tions do occur in the immune system, 

but they are particularly important in 
embryOnic development. Indeed, the 
fates of cells-what they will become 
in the mature organism-are crucially 
dependent on the place or neighbor
hood of the cells in the embryo. 

Although embryologists have long 
been aware in general of the possibili
ty that place is a critical element in 
determining cell fate, it seemed nec
essary to refocus the subject by giving 
a name to the study of those place
dependent interactions at the cell sur
face that lead to cell regulation. About 
two years ago I coined the term topo
biology (from the Greek word tapas, 
meaning "place") to describe this dy
namic, interactive process. 

As the discovery of CAM's made 
clear, one of the key factors deter
mining the place of an embryonic cell 
(and ultimately the form and pattern 
of the tissues) is the presence of cell
adhesion molecules. In the past few 
years several families of molecules 
have been shown to mediate such ad
hesions and the related intercellular 
transactions [see "Cell-Adhesion Mole
cules: A Molecular Basis for Animal 
Form," by Gerald M. Edelman; SCIEN
TIFIC AMERICAN, April, 1984]. Aside 
from the CAM's themselves, the most 
important of these are substrate-ad
hesion molecules, or SAM's, and cell
junctional molecules, or OM's. Where
as CAM's are always on the cell surface 
and mediate cell-to-cell interaction, 
SAM's are thrown out by cells into the 
environment, forming part of the com
plex extracellular matrix to which 
cells sometimes attach. CjM's serve in 
the formation of the complex struc
tures (including the so-called tight 
junctions, gap junctions and adherens 
junctions) that join cells together in 
tissues. 

All of the known CAM's, SAM's and 
CjM's are complex proteins, and the 
structures of some of them are be
coming reasonably well understood. 
Attention is now focusing on how each 
of these adhesion molecules func-
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tions in the embryo and whether the 
functions of different molecules are 
interrelated. It has been established 
that almost all known CAM's bind to 
one another by a mechanism that is 
homophilic: a CAM on one cell joins a 
CAM of the same type on an apposing 
cell. Yet there are differences among 
CAM's; they show different binding 
specificities and varying dependence 
on ions, for example the calcium ion. 

O ne of the recurrent motifs 
of embryonic development is 
the transition from epithelium 

to mesenchyme and back. A mesen
chyme is a group of loose or migrating 
cells that are not firmly organized in a 

geometric sense. An epithelium, on 
the other hand, is a sheet of cells that 
is highly organized geometrically and 
often joined at its base to the extracel
lular matrix. The joining of the epithe
lium to the matrix is accomplished by 
SAM's, and the epithelial cells are of
ten linked by junctions composed of 
various e]M's. Because the transition 
from one collective form to another is 
an underlying theme of development, 
it would be valuable to know which of 
these molecules is responsible for the 
initial conversion of mesenchyme to 
epithelial sheet. 

Recent experiments in my laborato
ry suggest that the initial role in link
ing epithelial cells is played by CAM's 

NEUROHYPOPHYSIS SPINAL CORD 

and that the formation of junctions 
such as gap junctions and adherens 
junctions depends on CAM linkage. 
That result was obtained by inserting 
CAM DNA, by means of the process 
called transfection, into cultured cells 
that ordinarily lack it. The CAM's that 
were chosen were of two types-neu
ral CAM (N-CAM) and liver CAM (L
CAM). These were the first CAM's to be 
discovered, and they were named for 
the tissues in which they were first 
found. They are now known to be 
much more widely distributed in the 
embryo. 

Before transfection of L-CAM the 
cells were separate and resembled a 
mesenchyme. After transfection of the 
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DISTRIBUTION OF FIVE KNOWN CAM'S (cell-adhesion mole
cules) is shown for a chick embryo just before hatching. The 
distribution of CAM's (each with a different binding specifici-

ty) suggests they are involved in the generation of form in 
the embryo. Their spatial distribution changes over time: ear
lier, the areas overlap and cover most of the depicted area. 
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L-CAM gene the cells were linked in a 
sheet that had some of the character
istics of an epithelium. After the sheet 
formed, gap junctions and adherens 
junctions appeared between its cells. 
It seems likely that the action of CAM 
genes caused existing OM's to assem
ble into junctions, and so it seems that 
this process is CAM-dependent. More
over, adding fragments of antibodies 
against L-CAM, which block the typical 
homophilic binding of that molecule, 
led to dissolution of the sheets and 
a marked decrease of junctions be
tween cells. 

Such results give a hint of the sig
nificance of CAM's in the development 
of the embryo. As I noted above, the 
transition from epithelium to mesen
chyme and back is one of the fun-
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dam ental motifs of embryonic devel
opment. But it is not the only one. 
Among the others are certain precise 
tissue movements and the formation 
of new boundaries between tissues. 
These processes are part of the over
all pattern of morphogenesis: the ap
pearance of distinct, specialized or
gans and tissues in the animal. The 
significant role of CAM's in these 
spatial processes is shown by the fact 
that CAM's with different specificities 
are distributed differently, each one 
in a characteristic pattern that emerg
es in time and space in the develop
ing embryo. 

An excellent example of all of these 
topobiological processes is provided 
by the formation of feathers, a crucial 
part of the development of the chick 

INTRACELLULAR 

EXTRACELLULAR 

CAM'S BIND CELLS to each other by a homophilic mechanism : a CAM on one cell binds 
to the same type of CAM on an apposing cell (lower panel). The images in the up
per panel were made by shadowing CAM's with platinum and viewing them in the 
electron microscope. One (left) shows three neural cell-adhesion molecules (N
CAM's) linked by a "hub" made up of the areas that would have protruded through 
the cell's outer membrane. The other (right) shows a single liver cell-adhesion mol
ecule (L- CAM ). CAM's appear to be hinged linear molecules. The lower panel depicts 
two hypothetical binding mechanisms based on the hinged structure of N- CAM. 
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embryo. Feathers are formed by a 
series of coordinated proc�ses that 
include cells moving, dividing, dying 
in patterned ways, adhering to each 
other and differentiating. In its early 
stage much of this coordinated devel
opment depends on interactions be
tween two types of embryonic tissue, 
known as mesoderm and ectoderm. 
From mesoderm most bones and mus
cles arise; from ectoderm come the 
skin and nervous system. 

Now, in some parts of the develop
ing chick embryo, a layer of a special
ized ectodermal tissue-the epider
mis-lies above mesodermal tissues. 
The first step in feather formation 
is the induction in the epidermis of 
structures called feather germs that 
later give rise to the feather. The 
appearance of the feather germs re
quires passage of an intricate pattern 
of chemical signals between meso
derm and ectoderm-a process called 
embryonic induction. The efficacy of 
that Signaling in turn depends on the 
action of CAM's, which can be studied 
by transferring embryonic skin tissues 
into laboratory culture. 

Recent experiments carried out 
in my laboratory shed light on 
the relations between CAM link

age and the Signaling that leads to 
feather-germ patterning. Simply put, 
the thrust of the experiments was to 
disturb the CAM linkage and observe 
the effect on the intricate normal ge
ometry of the feather germs. In the 
normally developing embryo the in
duced feather germs begin at the em
bryonic midline and form a hexagon
al array as they spread laterally. That 
pattern is seen both in the placodes, 
the precursors of the feather germs 
that will form the structures of the 
mature feather, and in the dermal con
densations, the underlying mesoder
mal cells that give the inducing Signal 
needed for the formation of the plac
odes in the overlying epidermis. 

The rationale of the experiment was 
that the cells of the epidermal plac
odes were linked by L-CAM but had no 
N-CAM. Conversely the dermal con
densations were linked by N-CAM and 
had no L-CAM. We proposed that a 
signaling loop, set up by the CAM's, 
was needed for proper pattern forma
tion. In such a loop, signals would 
move not merely from mesoderm to 
epidermis but also from epidermis to 
mesoderm. Therefore, we placed anti
bodies against L-CAM in the culture. 
These antibodies could only affect ep
idermal linkages, not those of the der
mal condensations. Nonetheless, the 
pattern of the dermal condensations 
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CAM'S CHANGE THE FORM of groups of cells, as shown in micro
graphs made in the author's laboratory_ Cultured cells lack
ing the L-CAM gene assume a loose form similar to one known 
in the embryo as a mesenchyme (left). When the L-CAM gene is 

inserted into the cells and activated to make L-CAM, the cells 
form a more regular arrangement resembling the one known 
as an epithelium (middle). Fluorescent techniques show that 
L-CAM is on the cell's surface (lighted regions in right panel). 

was also changed after the introduc
tion of the antibodies into the culture 
[see upper illustration on page 82). 

These results indicated that chang
ing the CAM linkages in one layer 
of cells can alter the Signaling loop 
on which patterning depends. Either 
the response of epidermal cells to sig
nals from below may be altered, or 
their own downward messages may be 
changed, but in either case the result 
is the same: normal pattern formation 
is interrupted. What is more, the effect 
is long-lasting. When the antibodies 
were washed out and the perturbed 
cells cultured for 10 days, the nor
mal pattern of feather development 
was severely disturbed. As these ex
periments indicate, correct formation 
of patterns depends on the correlation 
between CAM linkages and cellular re
sponses to inducing signals. 

That correlation retains its signif
icance as the feather develops. The 
mature feather is a complex structure 
with a central spine, or rachis, from 
which smaller spines called barbs di
verge. The barbs are held together by 
even smaller filaments that project 
from them called barbules. All these 
structures are made up of a fibrous 
protein called keratin, which is depos
ited by the cells of the feather as they 
die at the end of the process of matu
ration. The barbs and barbules are 
formed in so-called feather filaments 
from folds called barb ridges [see illus
tration on opposite page). After swell
ing out from the inner surface of the 
filament, the folds ultimately pinch off 
to yield cylindrical structures that 
interconnect; these cylinders are the 
barbs, ultimately linked by barbules. 

The cells of the barb ridge arise 
from precursors that originally ex
press both L-CAM and N-CAM. As the 
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ridges develop, however, an intriguing 
specialization occurs that distinguish
es the ridges from the valleys between 
them. As the ridges mature they come 
to express only L-CAM. At a certain 
point the cells in the valleys lose L
CAM, express only N-CAM and prolif
erate, which leads to the formation 
of regions bordering each ridge called 
marginal plates. Soon afterward all the 
cells expressing L-CAM begin synthe
sizing keratin and all those express
ing N-CAM die. As a result, the borders 
between N-CAM and L-CAM expres
sion are converted to the edges of new 
structures: the barbs and barbules. 

Thus, the expression of speCific 
CAM's, coupled with cell differ
entiation and with cell death, 

can lead to morphogenesis. It would 
be misleading, however, to imply that 
CAM's are the only morphoregulato
ry molecules. An example based on 
recent experiments in my laboratory 
shows how SAM's can also influence 
patterning events in the embryo. The 
example concerns a group of cells that 
give rise to the dorsal-root ganglia: 
bundles of nerves inserted into each 
vertebra in the mature organism. The 
vertebrae themselves develop from 
mesodermal tissue that is grouped 
into segments called somites, each so
mite corresponding to a single verte
bra. Somites give rise to a number of 
other tissues as well; the mesodermal 
condensations of the feather, for ex
ample, come from a mesenchyme aris
ing in somites. The dorsal-root ganglia 
originate in ectodermal cells that mi
grate as a mesenchyme from a struc
ture called the neural crest. 

In order for the correct ganglioniC 
pattern to be made, the neural-crest 
cells must enter only the mesenchy-

mal portion of the somite (the sclero
tome) in its front part. How is this 
entry guided? Earlier studies by Jean
Paul Thiery of the National Center 
for Scientific Research (CNRS) in Paris 
had shown that neural-crest cells mi
grate on pathways made of fibronectin 
(among other molecules); fibronectin 
is a SAM. In addition, my colleagues 
and I had found that another SAM, 
cytotactin, is distributed in distinct 
patterns during the formation of the 
embryo. Cytotactin is capable of bind
ing to fibronectin as well as to a third 
SAM known as cytotactin-binding pro
teo glycan, or CTBP. It seemed worth
while to find out whether the periodic 
pattern produced by the neural-crest 
cells as they migrate into the sclero
tome was correlated with the pattern 
of the three SAM's in the somites. 

A tantalizing clue was provided by 
examination of the distribution of the 
SAM's during the invasion of the so
mites by the neural-crest cells. At early 
stages of embryogenesis cytotactin, 
fibronectin and CTBP were distributed 
evenly over the entire extent of the 
somite, but as development proceed
ed, a periodiC pattern appeared: al
though fibronectin was still spread 
more or less evenly throughout the 
somite, cytotactin was concentrated 
in the front part, and later CTBP be
came concentrated in the rear portion. 
This alternating distribution of SAM's, 
which emerged just as the migrating 
cells entered the sclerotome, resulted 
from molecules synthesized by the 
cells of the somite and not by the 
arriving cells of the neural crest. 

Separate experiments were con
ducted in an attempt to tease out 
the effects of the SAM's on cell shape 
and movement. Work in tissue cul
ture showed that cytotactin and CTBP 
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cause neural cells to assume the 
somewhat rounder shape characteris
tic of cells that are not migrating. What 
is more, such rounded cells would 
not migrate into regions of tissue con
taining the SAM's. In contrast, on a 
mesh of fibronectin alone, crest cells 
were flatter and migrated readily; they 
showed intermediate behavior on mix
tures of fibronectin and either of the 
other two SAM's. Although the details 
remain to be sorted out, the general 
conclusion of this work is that various 
admixtures of different SAM's, linked 
to one another, form networks that 
can have different effects on cell be
havior and movement in the embryo. 

It is striking that such SAM-mediat
ed events are topobiologically coordi
nated with the expression of CAM's: 

RACHIS 

RAMUS BARBULE 

a 

migrating neural-crest cells lose N
CAM at their surfaces as they move, 
but as they interact in the somite to 
form dorsal-root ganglia, N-CAM again 
appears on their surfaces. ( Indeed, N
CAM is present on most neural cells 
in their fully mature, differentiated 
state.) Clearly CAM's and SAM's are 
regulated in a coordinated manner 
during development; both kinds of 
molecules can affect tissue patterning. 
I have already mentioned that cells 
probably must be bound by CAM's 
before CJM's can form junctions be
tween them; it therefore seems that in 
general intricate dependencies come 
into play among these three classes of 
morphoregulatory molecules as an or
ganism develops. 

Yet these interactions, complex as 
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they are, are not sufficient to account 
for how the embryo develops. The 
differentiation of embryonic tissues 
into mature tissues requires that they 
produce tissue-specific proteins: liv
er proteins in liver cells, muscle pro
teins in muscles and so on. The genes 
that code for such proteins are sep
arate from the genes for cell-adhesion 
molecules. Yet the actions of these 
two classes of genes are not inde
pendent, and I have proposed the so
called morphoregulator hypothesis 
to account for the cycle that con
nects them. 

In the morphoregulator hypothesis 
cells are controlled mechanochem
ically by cycles of CAM expression 

and by SAM networks. A good exam-
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FEATHER FORMS from a precursor called a placode. Mesen
chymal cells of a type called mesodermal migrate beneath a 
simple epidermal sheet (a) and form a collective that sends 
signals upward to induce formation of the placode. The sheet 

bulges to form a bud (b) and then a filament consisting of a 
cylinder of epidermis (c). The cylinder develops ridges of epi
thelium called barb ridges (d), which subdivide to form the 
branched structure characteristic of the mature feather (e-l). 
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pIe of such control is provided by 
the changes in shape and movement 
of neural-crest cells caused by their 
binding to particular SAM's. The ex
pression of CAM and SAM genes alters 
their shape and response to signaling 
patterns by controlling the formation 
of cell collectives that exchange sig
nals at a given place. By these means 
expression of CAM and SAM genes 
affects the expression of other genes, 
including historegulatory genes that 
code for tissue-specific proteins. In 
topobiology the interaction of cell sur
faces controls the mechanochemical 
driving forces, creating collectives of 
cells whose signaling is thereby al
tered, along with their state of dif
ferentiation. Such modulation of cell 
state by CAM's and SAM's must play a 

2 

major role in the evolution of animal 
form and in the development of tissue 
pattern. 

The morpho regulator hypothesis fo
cused the attention of my colleagues 
and me on the genes that code for the 
morphoregulatory molecules, CAM's 
in particular. Bruce A. Cunningham 
and I worked out the structure of the 
genes for N-CAM and L-CAM by deter
mining the DNA sequences that code 
for these CAM's. Our work showed 
that N-CAM and L-CAM are each spec
ified by a single gene and that the 
genes differ substantially in their de
tailed structure, which suggests that 
the two molecules are not closely re
lated in evolutionary terms. 

The differences between the L-CAM 
and N-CAM genes lie partly in how 

3 4 

PERroRBATION EXPERIMENT shows CAM links are required in feather formation. As 
the placode develops, the mesodermal cells beneath it take on a symmetric arrange
ment of "blobs" (1) and later undergo further changes (3). If the tissue is cultured in 
the presence of antibodies against L-CAM, the "blob" geometry is perturbed to yield 
"stripes" (2); later the overall form is disrupted (4). The antibodies affect only L-CAM 
links (between epidermal cells), not N-CAM links (between mesodermal cells). Yet the 
mesodermal pattern is disrupted, implying a signaling loop between these tissues. 

ALTERNATING PATTERN of L-CAM and N-CAM is seen as the barb ridges develop. 
Each panel shows a cross section through a developing feather follicle stained with 
fluorescent antibodies against a specific CAM. L-CAM (left) links ridge cells, whereas 
N-CAM (right) links the cells in the valleys between the ridges. Shortly after this stage 
cells with L-CAM make a fibrous protein called keratin while cells with N-CAM die. 
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they are processed to yield the ul
timate message specifying a' protein. 
Almost all mammalian genes contain 
coding regions called exons and non
coding regions called introns. After 
RNA has been transcribed from the 
gene, the noncoding portions are re
moved and the coding portions are 
spliced together to yield the finished 
messenger RNA (mRNA) molecule. In 
some instances alternative splicing of 
the mRNA can yield different proteins. 
That is the case for N-CAM: its 19 (or 
more) exons can be spliced in a varie
ty of ways, some of which can give rise 
to CAM's that differ somewhat in the 
region that attaches the molecule to 
the cell membrane. Changes in that 
region may alter the strength of the 
binding of N-CAM's to each other and 
to the cytoskeleton, the cell's internal 
skeleton. The L-CAM gene, on the oth
er hand, although it comprises a num
ber of exons, gives no evidence of al
ternative spliCing. 

It should be emphasized that the 
alternative forms of spliCing seen in 
the case of the N-CAM gene do not 
alter the specificity of the homophilic 
binding of the CAM: N-CAM molecules 
bind to each other no matter how their 
genes have been spliced. Only the col
lective strength of the attachment is 
affected by the alternative spliCing 
of the genetic message. This is so be
cause the number and arrangement of 
CAM molecules, and therefore the to
tal binding efficacy, would be changed 
by altering the way these molecules 
attach to the cell membrane. This ar
rangement fits nicely with the notion 
that there are perhaps only a few doz
en or so CAM's of different binding 
speCificities, whose dynamic regula
tion at the cell surface by a variety of 
means can result in a very wide range 
of nuances of binding. 

S ome additional members of this 
small molecular family have al
ready emerged from the labora-

tory. Not long after Cunningham and I 
reported our results, several studies 
indicated that N-CAM resembles an
other protein found in tissues of the 
nervous system. It is now suspected 
that this molecule, myelin-associated 
glycoprotein, or MAG, is also a CAM. 
Subsequent DNA work by Masotoshi 
Takeichi and his colleagues at the Uni
versity of Kyoto showed that several 
other CAM's, called cadherins, exist, 
similar to L-CAM in DNA sequence and 
structure but with a different distribu
tion in the embryonic tissues. 

All these findings on the genetic 
structure of CAM's were very inter
esting, but perhaps the most striking 
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was the discovery that N-CAM shares 
structural homologies with the anti
body molecule. When my colleagues 
and I first completed the analysis of 
the amino acid sequence of the entire 
antibody molecule in 1969, a number 
of very beautiful structural, genetic 
and evolutionary relations became ap
parent [see "The Structure and Func
tion of Antibodies," by Gerald M. Ed
elman; SCIENTIFIC AMERICAN, August, 
1970]. These relations were embed
ded in the "domain hypothesis," which 
held that immunoglobulins are made 
up of two types of structural and func
tional subunits, each about 100 amino 
acids long. These are the variable, or Y, 
domains, which differ from molecule 
to molecule within a functional class, 
and the constant, or C, regions, which 
do not. 

The characteristic T shape of the 
antibody molecule arises from 
a specific assemblage of Y and 

C domains. Each antibody includes a 
pair of what are known as light chains, 
consisting of one variable and one 
constant region, and a pair of heavy 
chains, consisting of one variable and 
as many as three constant domains. 
Within this assembly the Y regions are 

responsible for binding to the anti
gen, whereas the C regions carry out 
various "effector" functions, such as 
promoting the ingestion of a bound 
foreign protein antigen by immune 
system cells called macrophages. In
triguingly, all the domains, both C and 
Y, of the antibody molecules share 
certain homologies of amino acid se
quence, and it was proposed that they 
arose in evolution as the result of 
repeated duplication of a precursor 
gene that specified a region no longer 
than one domain. 

Since its formulation in 1969 the 
domain hypothesis has been amply 
confirmed. Indeed, the evolutionary 
family so defined has been broadened 
to include other molecules; among 
them are growth-factor receptors and 
the histocompatibility antigens that 
mediate certain crucial interactions 
among cells of the immune system. 
This evolutionary clan has been called 
the immunoglobulin superfamily. As 
its members emerged one question re
mained: How did this diverse group 
arise in evolution? 

The finding that N-CAM is homol
ogous to these molecules suggested 
a possible answer to that question. I 
have proposed that the entire adap-

tive immune system, which is char
acterized by the presence of the im
munoglobulin superfamily, arose from 
a more ancient cell-adhesion system. 
The reasoning underlying this hypoth
esis rests on the fact that the adapt
ive immune system is found only in 
vertebrates, implying that it arose 
late in evolution, whereas the system 
of CAM's appears to be much more 
widespread. 

Some recent observations strong
ly support this notion. Thomas C. 
Kaufman and Mark Seeger of Indiana 
University have found a DNA sequence 
in the antennapedia gene complex of 
the fruit fly Drosophila melanogaster 
that is homologous to approximate
ly two and one-half domains of the 
N-CAM gene sequence; this sequence 
specifies a protein called amalgam. 
Later Corey S. Goodman and his col
leagues at the University of California 
at Berkeley showed that the sequence 
of a suspected CAM called fasciclin II, 
found on nerve cells of Drosophila,-is 
also homologous to N-CAM. Fruit flies 
have nothing that resembles a system 
of adaptive immunity. Because insects 
have N-CAM-like molecules and only 
vertebrates have an antibody-based 
immune system, it appears likely that 
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HISTORICAL LINKAGES OF CYCLES BY MOVEMENT 
OF CELLS AND SHEETS AND BY GROWTH 

MORPHOREGUlATOR HYPOlHESIS seeks to explain how CAM's 
and substrate-adhesion molecules, or SAM's, create cell collec· 
tives and interact with them to determine the shape of an ani
mal's body. In CAM cycles (left) collectives of cells linked by 
CAM's make molecules called morphogens that induce cells 
linked by different CAM's to alter the activity of their morpho· 
regulatory (MR) genes: genes encoding CAM's and SAM's. The 
morphogens also affect historegulatory (HR) genes: genes en· 
coding tissue·specific proteins. In some cells the HR genes are 
regulated in turn by selector (5) genes. As the cell collectives 
interact they alter their environment; new CAM cycles (above 
right) come into play, signaling to each other (double arrows). 
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STRUCTURE OF N- CAM has been deduced from protein chemistry and determination 
of the DNA sequence in the N- CAM gene. N- CAM comes in several variants that differ 
according to how many exons (coding regions) of the N- CAM gene they incorporate. 
Nineteen exons are shown here; more have recently been discovered. All known 
variants include five loops that are linked by disulfide bonds (left). The illustra
tion shows three variants: ssd stops at exon 15 and has no transmembrane region; 
sd includes exons 17 and 19 but lacks 15; and Id includes exon 18 but lacks 15. 

CAM genes, present in some early pre
cursor of both insects and vertebrates, 
provided the basis for the emergence 
of the molecules of the adaptive im
mune system. 

Several additional facts help to pro
vide a scheme for the evolution of the 
cell-adhesion molecules and their de
scendants that is a satisfying exten
sion of the domain hypothesis. Un
like the CAM's, each immunoglobulin 
is specified by mUltiple genes for V 
and C regions that have arisen by du
plication of an original precursor dur-

N-CAM 

IgG 

COOH" 

ing evolution, and these families of 
duplicated genes show homologies 
from species to species of vertebrate. 
Yet it would seem that unless special 
mechanisms are operating, indepen
dent mutations accumulating in dif
ferent genes of such a duplicated 
family would destroy the homology 
among species. What might the mech
anism be? 

In 1969 my colleague Joseph A. GaI
ly and I proposed that if such genes 
underwent a process called "demo
cratic gene conversion" then the fami-

MAG 
-NH, 

MHC CLASS I 

VARIOUS CELL TYPES GLIAL CELL 

IMMUNOGLOBULIN SUPERFAMILY, now known to include CAM's, is made up of 
molecules that are structurally and functionally diverse. Each of these molecules 
includes several domains. IgG, the antibody molecule, circulates in body fluids and 
binds to foreign substances. MHC class I proteins, components of almost all animal 
cells, associate with processed antigens; they are required for effective presenta

tion of antigen to the white blood cells called T lymphocytes. The small chain of 
the MHC class I proteins is a single domain, �2-microglobulin. MAG is a suspected 
cell-adhesion molecule found in membranes of glial cells, nonexcitable nervous sys
tem cells. Glial cells (and MAG) play a role in the myelination of certain neurons. 
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lies they belonged to could evolve in 
parallel between species. The details 
of the process are somewhat beyond 
the scope of this article, but its es
sence is that the genes of the family 
recombine with one another in a par
ticular way that makes the coevolu
tion possible. What is more, the fami
lies may actually serve as "mutation 
nets" that spread favorable mutations 
among their members. Since a muta
tion favorable for one species' adap
tive immune system may well be fa
vorable for another's, these nets, com
bined with selective pressure, might 
also help preserve the homologies in 
the families of immunoglobulin genes. 
This idea, important as it is for anti
bodies, is a general one and applies to 
the evolution of all mUltigene families. 

The functional collaboration of 
CAM's and antibodies has now 
been shown in the immune sys

tem in the revelation that various lym
phocytes, which are among the most 
important effector cells of the im
mune system, require adhesion to car
ry out their functions. Recently Timo
thy A. Springer of the Harvard Medical 
School discovered a molecule called 
I-CAM on a variety of cells. I-CAM is 
homologous to N-CAM, and Springer 
has shown that it binds to a molecule 
called LFA-l, which is found on lym
phocytes. LFA-l resembles cell-sur
face molecules called integrins, which 
serve as receptors for SAM's. 

If all of this information is com
bined into a general scheme, a magnif
icent example of evolutionary oppor
tunism emerges. Its starting point is 
a stretch of DNA about half the size 
of an N-CAM domain. Analysis of the 
structure of the N-CAM gene reveals 
that this half-size precursor was du
plicated to give rise to N-CAM-like 
genes in the ancestors of insects and 
vertebrates. Then, through the genet
ic shuffling of exons, DNA regions re
sembling SAM's such as fibronectin 
were introduced. The single gene for 
N-CAM-like adhesion molecules was 
then itself duplicated, giving rise to 
all the other related CAM's, including 
those in the central nervous system 
such as MAG .  

All o f  these molecules were em
ployed topobiologically in morpho
genesis. But in some early vertebrate 
(or an immediate precursor), a gene 
in this family was turned to a differ
ent purpose altogether. By duplication 
from a CAM-like piece of DNA, there 
arose the V and C regions of immuno
globulin genes, receptors on certain 
lymphocytes and histocompatibility 
antigens. Thereafter, genes for the V 

© 1989 SCIENTIFIC AMERICAN, INC



THE LIFESTYLE RESOURCE 
1M 

A t The Lifestyle Resource we give you all the 
facts and details necessary to make an 

informed purchase. Your satisfaction is our 
primary concern. If your purchase doesn't 
meet your expectations, return it in original 
condition within 3D-days for prompt refund. 

YOUR SMILE IS BEAUTIFUL 

B Ut you're only fool
ing yourself if you 

think it's proof of 
healthy teeth and gums. 
The unseen enemy is 
a natural mouth sub
stance deposited on 
the teeth - plaque. 
Unchecked, plaque de
velops into rock-hard 
tartar behind which 
decay breaks down the 
tooth enamel and in
vades the soft, sensi
tive substructure. You 
have to remove the 
plaque before it hardens 
to prevent the process. 
Until recently there 
was no easy solution to 
this problem, but now 
there's Interplak, a 
precision - engineered, 
university-tested, three-speed plaque removal 
instrument. Its 10 independently driven bristle 
tufts rotate around their own axes: each tuft 
spins in the direction opposite to the spin of its 
neighbor at 4,200 rpm. The bristles are soft and 
rounded, adhering to dentistry recommenda
tions, so that virtually every particle of plaque -
98% of it - is removed gently and without 
irritation. Interplak even reaches between teeth 

and around orthodontic 
braces. Children think 

it's fun, so they're eager 
to brush. Interplak is 

cordless and stores 
in a free-standing or 

wall-mounted recharg
er!I·\Older. Individual 
color-coded brush 
heads are available. 

The Interplak Home 
Plaque Removal Instru

ment with charger and two 
brush heads. $99.95 #1ll0. 
Two additional brush heads 
$29.95 #1111. 

THE LIFESTYLE RESOURCpM 

SIT UP S TRAIGHT! 

S itt!ng in a conventional chair, bent over a de�k or table for long periods of time can stress your 
spme and back muscles. Posture or "back" chairs have long been accepted as a way to relieve your 

back from the pain of cramping or kinking up due to this stress. Our posture chair 
is designed to allow your body to properly align itself by shifting weight from 
your lower back to your knees, making long work periods far more 
comfortable. The Lifestyle Resource is one of the first to introduce 
the Criss-Cross Posture Chair. This new and innovative design 
with a criss-crossed base provides added stability, and an 
easy exit from your seat. The chair is crafted of lami
nated hardwood with an attractive oak finish. The 
seat and kneepad are thickly padded and fully up
holstered in a classic neutral grey fabric. The swiveling, 
carpet-friendly, double wheel casters make maneuver
ing a breeze. Suited for use at any workstation, desk or 
table. Requires minimal assembly; a screwdriver is all you need. $79.95 #2260. 

IF YOU FORGET THE WHO , WHAT, WHERE OR WHEN ••• IT WON'T 

I magine being able to have every address, telephone 
number, appointment and every fact and figure you 

need right at your fingertips. The Psion Organiser II 
replaces your appointment schedule, telephone directory, 

memo pad, calculator and alarm clock. With 32K of built in 
software, Psion is ready to use right out of the box and is 

easily mastered. Most importantly though, you don't have to 
know anything about computers. All of Psion's functions are 

accessed from the "menu" which is automatically dis
played when you switch on. Unlike other electronic 
"diaries" and organizers, with its interchangeable 

Datapaks, Psion is the anly "diary" we know of with 
unlimited storage capacity! There is nothing else like it 
with anywhere near the powers of the Psion. It enables you 

to carry your desk in a pocket, to put all your important 
information where it can be easily retrieved. With Psion's 

amazing cross-referencing, you can find information by using 
any part of what you stored. For example, if all you can remember 

is a person's first name, John-and you want to find his phone 
number, simply enter "John" and Psion will display every entry 
that contains "John" along with his home and office phone 

numbers, last name, company, address, his wife's name, or any 
other information you stored for him. You can enter up to 254 

characters in each line and when displayed, the whole line scrolls 
across the screen. Psion so powerful you can even find your plumber without knowing his name! 
The Psion Organiser II is simply the smallest, most sophisticated, hand-held tool of information 
management yet devised. Psion can be equipped to communicate with personal computers and 
printers and has two-way data transfer capability. Plug-in Datapaks are 
available to give you up to a total of 320K of "on-board" memory -five 
times more than any other "diary" we know of Over 350,000 OrganiseI' 
II's have been sold worldwide in the past two years and a substantial 
amount of software is available. The Psion puts the power of information 
where it will always do the most good - right in the palm of your hand. 
Operates on a single 9V battery (included) and does not lose stored 
information when you change batteries. Weighs only 9 oz. Measures 5112" 
x 3" x 1". Model XP 32K Psion Organiser II $249.95 #2041; 64K Plug-in 
Datapaks $89.95 each #2051. 

DEPT SFAE19' 921 EASTWIND DR. SUITE 114: WESTERVILLE OH 43081 ITEM NO. OW DESCRIPTION ITEM PRICE TOTAL PRICE 

SEND TO (PLEASE PRINT) 

ADDRESS 

CITY STATE ZIP 

o CHECK OR MONEY ORDER 0 MASTERCARD 0 VISA 0 AMEX SIGNATURE 

ACCl # EXP DATE Shipping Charge covers UPS. handling and insurance for guaranteed delivery. SU B TOTAL 

f--O-R-O-E- R-W-I -r -H-C-O-N-F -I-O-E- N-C-E---------' UPS Second Day available for an additional $7.50 per order. �=:;;;-+---i 
� Up to $20 . ... $ 3.95 $50.01 to $60 .... $ 7.95 rsH��i;�I� 

• Most orders ship within 48 hours of receipt. �p $20.01 to $30 .. .. $ 4.95 $60.01 to $70 .... $ 8.95 all,lt) 
C d't C d d b'll d I h' t 

... ... If' $30.01 to $40 ... .  $ 5.95 $70.01 to $100 . ... $10.95 • re � ar or ers � e on y upon s �pmen . 2" .. ,.. $4.0.01 to $50 .... $ 6.95 Over $100 .... $12.95 TOTAL 
• No risk 3D-day return privilege. CanadIan reSIdents ptease call (614) 794-2662 for ordering information. 

THE MEDIA DEVELOPMENT GROUP '1969 C36 ADVERTISEMENT © 1989 SCIENTIFIC AMERICAN, INC© 1989 SCIENTIFIC AMERICAN, INC



regions duplicated frequently to yield 
families that were kept similar by 
democratic gene conversion. Similar 
conversion events took place in the 
histocompatibility family. CAM's such 
as I-CAM arose to serve as attachment 
points for LFA-l, the independently 
evolved receptor on the surface of the 
lymphocyte. 

Thus, the key functions of the adap
tive immune system arose from an 
early cell-adhesion system that oper
ated topobiologically to regulate the 
cell movements and tissue patterns 
that give rise to animal form. Although 
lymphocytes are not dedicated to es
tablishing form, their functions do 

FASCICLIN N·CAM MAG 
Ng·CAM I·CAM 
CONTACTIN 

CAM'S 

rely on intricately regulated interac
tions between cells. That regulation 
in turn depends on specific binding 
mechanisms that may hail back to the 
cell-adhesion origins of the adaptive 
immune system. A specific type of 
protein folding is seen at all of the 
binding sites of immunoglobulins
and probably all those of CAM's as 
well. This type of folding is called the 
beta-pleated sheet; two such sheets 
form a special sandwich in the immu
noglobulin domain. The beta-pleated 
sheet may be part of an ancient "lan
guage" of binding and cell regulation 
that the adaptive immune system has 
inherited from its CAM-like forebears. 

5 
I \ \ M�ElIN 

PROTEINS 

HORMONE DIFFERENTIA -
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HISTOCOMPATIBILITY 
ANTIGENS 
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ANTIGEN RECEPTORS AND I MMUNOGLOBULINS 

EVOLUTIONARY SCHEME shows how the adaptive immune system arose from early 
CAM's. Exons encoding two "half·domains" combined to yield the gene for a single 
domain: a functional unit of a protein (1). Gene duplication produced the gene for a 
multidomain protein, an early N· CAM (2). "Exon shuffling" joined a fibronectinlike 
domain to those for the N- CAM family (3). Gene duplication and divergence gave rise 
to a variety of CAM's. Other genes lost the introns (stretches of noncoding DNA ) 
within the domains but not the ones between domains (4). Subsequent divergence 
in that group gave rise to other members of the immunoglobulin superfamily. Inser· 
tion of a genetic element (possibly from a virus) created the potential for protein 
diversification in different lymphocytes (5). Along with this change went an increase 
in the number of variable (V)  regions, providing the basis for generation of a vast 
population of antigen receptors and antibodies during the life of an individual (6). 
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The interaction between antibody 
and antigen, which can take place in 
the test tube in a fluid medium with
out respect to p OSition, is frequently 
thought of as emblematic of the entire 
immune system. It must not be forgot
ten, however, that the immune system 
has solid tissues (such as the lymph 
nodes) as well as fluid ones (such as 
the blood). Even among free, circulat
ing lymphocytes there are populations 
that "home" to particular bodily tis
sues. Although immune responses of 
single cells can occur in the test tube, 
it is likely that position is as critical 
in the overall immune response as it 
is in morphogenesis. Indeed, analysis 
of the morpho regulatory molecules 
and the immunoglobulins shows that 
these two systems are deeply linked 
both in genetics and in evolution. 

It may not be amiss to add a final 
word about paths of research. The 
line of thought that links immune 
system molecules and CAM's would 
not have been possible within any 
one area of scientific speCialization. 
It required following a vague sur
mise through a long trail of research 
(on CAM's) to the solution of a prob
lem (the origins of immunoglobulins) 
posed at the end of a previous, appar
ently unrelated trail of research. This 
line of thought would have been much 
impoverished if it had been conceived 
within the limits of a specialty such 
as immunology or embryology. Only 
by seeing biology in its broadest evo
lutionary, genetic and developmental 
perspectives while pursuing special
ized research can one connect what 
may first appear to be unrelated mat
ters into a whole that is both organic 
and intellectually satisfying. 
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The Dynamic Aurora 
Interactions of the earth's magnetic field and the solar wind 

give rise to a vast generator that powers the luminous displays. 
A similar process may prevail in other astrophysical phenomena 

S
ome early observers of the auro
ra borealis imagined that these 
spectacular displays in the Arc

tic sky resulted from sunlight re-
fracted, rainbowlike, in the atmos
phere. The shimmering undulations, 
they speculated, were caused by the 
movement of air. Auroral physicists 
today know that auroras are lights 
emitted when atoms and molecules in 
the ionosphere are struck by electrons 
blowing in from the sun. The appar
ent motion of the auroral curtain is 
caused not by atmospheric turbulence 
but by changes in the electromagnetic 
conditions that propel the electrons, 
just as motion on a television screen is 
an illusion created by changes in the 
magnetic field that directs electrons 
from a cathode tube onto the screen. 

In the case of the aurora, what 
serves as the cathode tube? Where 
is its power supply? Why does that 
power seem to fluctuate from time to 
time, causing the aurora to ebb and 
flow across the polar sky? More than 
20 years ago it was determined that 
auroral emissions occur because the 
ionosphere is bombarded by electron 
beams generated by a complex inter
action between the solar wind and the 
earth's magnetic envelope [see "The 
Aurora," by Syun-Ichi Akasofu; SCIEN

TIFIC AMERICAN, December, 1965]. The 
geomagnetic nature of the aurora can 
be seen clearly from outer space. 
Centered on each of the geomagnetic 
poles is a great luminous oval that 
is a permanent feature of the planet. 
The one around the North Pole is 
the aurora borealis. Its counterpart 

SYUN-ICHIAKASOFU, internationally 
recognized for his pioneering work in 
auroral physics, is director of the Geo
physical Institute at the University of 
Alaska, Fairbanks. He was born in Japan 
and got a B.S. and an M.S. at Tohoku 
University. He received a Ph.D. in geo
physics from the University of Alaska in 
1961 and has been professor of physics 
there since 1964. 
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by Syun-Ichi Akasofu 

in the south is the aurora australis. 
My colleagues and I have now found 

a numerical relation between the solar 
wind and the generation of the power 
that drives the aurora, as well as other 
disturbances of the geomagnetic field. 
We are also gaining a better idea of 
how the sun's activity affects the solar 
wind. This progress raises the inter
esting possibility of developing a com
puter method to predict the intensi
ty of auroral activity. Because auroras 
can interfere significantly with radio 
and satellite communications, as well 
as with power lines and some defense 
systems, the ability to predict auro
ral intensity has become increasingly 
important as human activity expands 
into polar regions and into space. 

Generator in the Magnetosphere 

The understanding of how auroras 
are generated came about through a 
revolution in scientists' knowledge of 
the earth's magnetic environment. The 
earth's magnetic field had long been 
assumed to be essentially a dipole 
field, like that of a bar magnet, in 
which magnetic field lines loop from 
the south pole to the north pole sym
metrically about the geomagnetic axis. 
The earth does not exist in a vacuum, 
however. It is constantly buffeted by 
the solar wind, a dilute plasma of hy
drogen ions (protons) and electrons 
streaming from the sun's corona. 

The solar wind confines the earth's 
field inside a comet-shaped volume 
called the magnetosphere. On the sun
ward side the solar wind compresses 
the magnetosphere to a distance of 
about 10 earth radii. On the down
wind side the solar wind confines the 
magnetosphere within a windsock
like structure known as the magneto
tail, which stretches for more than 
1,000 earth radii. The magnetosphere 
is filled with tenuous plasmas of dif
ferent densities and temperatures, 
which originate from the solar wind 
and the ionosphere [see "The Earth's 

Magnetotail," by Edward W. Hones, Jr.; 
SCIENTIFIC AMERICAN, March, 1986]. 

In the early 1960's solar physicists 
began to recognize that the solar wind 
can stretch and carry the coronal mag
netic field out into the far reaches of 
the solar system. This extension of the 
sun's magnetic field is called the in
terplanetary magnetic field. James W. 
Dungey of the Imperial College of Sci
ence and Technology in London pro
posed that this magnetic field could 
join with geomagnetic field lines origi
nating in the polar region of the earth. 
This phenomenon, called magnetic re
connection, proceeds most efficiently 
when the solar-wind magnetic field is 
oriented southward-that 'is, antipar
allel to the earth's field. 

It had been widely assumed that 
reconnection would be a stable proc
ess, but a decade ago Christopher T. 
Russell of the University of California 
at Los Angeles found that it is not. 
Instead, "bundles" or "ropes" of field 
lines form and eventually cleave from 
the magnetosphere and are swept into 
the magneto tail. The instabilities oc
cur even if the interplanetary magnet
ic field has a steady southward ori
entation. In reality the field constant
ly changes its strength and direction. 
The resulting complex interactions 
have been elucidated in a computer 
simulation by LOU-Chuang Lee of the 
University of Alaska at Fairbanks. 

As solar-wind particles flow along 
the magnetosphere's boundary ( the 
magneto pause ) they cross the re
connected magnetic field lines. The 
ions and electrons, being of opposite 
electric charge, are deflected in op
posite directions (according to the fa
miliar right-hand rule), thereby gener
ating an electric current [see illustra
tion at right on page 93]. This process 
is the same as magnetohydrodynam
ic power generation. Indeed, the en
tire magnetopause constitutes a gi
ant generator that converts the kinet
ic energy of solar-wind particles into 
electric energy, producing more than 
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a million megawatts of power. The 
mechanism is called the solar-wind
magnetosphere generator, or auroral 
generator. 

Field-Aligned Currents 

The generator mechanism drives 
positive ions to the dawn side of the 
equatorial plane of the magnetopause, 
creating a kind of positive terminal; 
the electrons are driven to the dusk 
side, or negative terminal. In rare
fied plasmas permeated by magnet
ic field lines, such as those that fill 
the magnetosphere, electrons travel 
along corkscrew trajectories that wind 
around the field lines. The process by 
which these so-called field-aligned cur
rents are generated has been worked 

out in detail by Akira Hasegawa of the 
AT&T Bell Laboratories and others. 
Thomas A. Potemra of Johns Hopkins 
University, Takeshi Iijima of the Uni
versity of Tokyo and others have con
firmed the existence of the currents 
using satellite-borne magnetometers. 

The field-aligned currents connect 
the magnetopause to the ionosphere. 
The dawn side of the magnetopause is 
thereby projected to the dawn half of 
the auroral oval, and the dusk side of 
the magnetopause is projected to the 
dusk half of the oval. The dawn side 
of the oval, then, becomes electrically 
positive and the dusk side becomes 
electrically negative. The resulting po
tential drop, or voltage difference, 
across the oval is about 100 kilovolts. 

The field-aligned currents are car-

ried by electrons rather than protons 
because electrons are more mobile. In 
the scenario described above, electron 
currents flow downward to the dusk 
half of the oval and flow upward from 
the dawn half. Since auroras result 
when electrons crash down into the 
ionosphere, one might well ask: Why 
are there emissions on the dawn side 
of the oval? It turns out that the oval 
in the ionosphere is highly conductive 
and so current flows between the in
ner and outer edges of the oval. The 
current then flows back up along the 
magnetic field lines, resulting in a sec
ondary current that points in the op
posite direction from the primary one. 
Secondary electron currents result in 
auroral emissions on the dawn side. 

The auroral lights occur when in-

WESlWARD-TRAVELING SURGE along an active aurora appears 
in the evening sky above Fairbanks, Alaska_ The whitish light 
is emitted by oxygen atoms_ Ionized nitrogen molecules give 

off the pink light near the lower fringe of the curtain. At 

the left is a false-color image of the auroral oval above the 

North Pole. The image was made by the Dynamics Explorer sat
ellite from a distance of three earth radii. It records emissions 

from oxygen atoms at a wavelength of 130 nanometers. The 

bright crescent on the left is the day side of the earth. The 
image was provided by Louis Frank of the University of Iowa. 
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coming electron beams collide ener
getically with the ionosphere, exciting 
or ionizing atoms and smashing apart 
molecules to create other excited at
oms. The excited and ionized atoms 
emit radiation over a wide spectral 
range (from extreme ultraviolet to in
frared) as excited atoms jump down to 
lower energy states and as ions com
bine with free electrons. 

The commonest auroral emission 
is a whitish-green light with a wave
length of 557.7 nanometers, which is 
emitted by oxygen atoms. A beautiful 
pink emission comes from excited 
molecules of nitrogen. Various ion
ospheric atoms and molecules pro
duce auroral emissions in the extreme 
ultraviolet, ultraviolet and infrared 
wavelengths, but these cannot be ob
served on the ground because they are 
absorbed by the intervening atmos
phere. Images made by the Swedish 
Viking satellite of extreme ultraviolet 

emissions show that the aurora is sur
prisingly active on the sunlit side, of
ten more active than on the dark side. 

Why the Curtain Shape? 

From the ground the aurora appears 
to be a curtain of light, streaked with 
rays. The curtain begins at an altitude 
of several hundred kilometers and 
ends about 100 kilometers above the 
ground, where the atmosphere be
comes so dense that it stops most of 
the incoming electrons. The sheet is 
less than a kilometer thick, whereas it 
extends laterally for thousands of kil
ometers. What could account for this? 

It is in fact surprising that field
aligned electron currents are able to 
reach the lower ionosphere at all. Like 
other charged particles in the Van Al
len radiation belts, the helical trajec
tory of an electron tends to increase in 
pitch as the electron nears the earth 

(where the field is stronger). Indeed, 
its motion becomes completely cir
cular at heights well above the ion
osphere. At that point the electron 
is reflected back upward. Yet auro
ras testify to the fact that electrons 
are able to penetrate deep into the 
ionosphere. 

The process appears to begin when 
the electrons in the field-aligned cur
rents form thin, sheetlike beams. In a 
way that is not yet understood, when 
enough power is pumped into the 
magnetosphere, and when the sheet 
beams reach a sufficiently high inten
sity, a peculiar electric field called an 
auroral potential structure develops 
around the beams at an altitude of 
between 10,000 and 20,000 kilome
ters. The region inside the structure 
appears to separate into positively 
and negatively charged layers, produc
ing a strong electric field between 
them [see top illustration on page 94]. 

SOlAR WIND, a diffuse plasma of protons and electrons 
streaming from the sun, confines the earth's magnetic field in a 

comet-shaped cavity called the magnetosphere. The wind com
presses the magnetosphere on the day side to a distance of 

about 10 earth radii. On the night side the wind sweeps the 

earth's magnetic field into an elongated volume known as the 

magnetotail, which extends for at least 1,000 earth radii. The 
boundary of the magnetotail is called the magnetopause. The 
solar wind has a magnetic field (red). When it is directed 

southward, as is shown here, it can "reconnect" efficiently with 

the earth's field (blue). Solar-wind particles flow into the mag
netosphere along the reconnected field lines. Magnetic field 
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Hannes Aifven at the University of 
California at San Diego first suggested 
the presence of such a "double layer" 
above the aurora. 

A structure resembling a double lay
er is known to form at the surface of 
the electrode in a neon light, but the 
exact nature of the one in the earth's 
upper atmosphere is at present con
troversial. Electrons seem to be accel
erated downward by the electric field 
that accompanies the double layer. 
The electrons acquire a few thousand 
electron volts of energy by the time 
they reach the bottom of the auroral 
potential structure-enough to pene
trate to an altitude where the atmos
phere is dense enough to make auro
ral emissions visible to the unaided 
eye. The flat shape of the potential 
structure is related to the aurora's 
curtainlike form. 

The rays shooting through the au
roral curtain are actually a series of 

lines in the north lobe of the magneto

tail point toward the earth; those in the 
south point away. Reconnection of field 

lines in the magnetotail can pinch off 
clumps of plasma known as plasmoids, 
which are ejected from the magnetotail. 

vortexes that form when antiparallel 
electric fields (associated with the 
auroral potential structure) along the 
face of the curtain cause electrons 
to flow in opposite directions, just 
as whirlpools form at the boundary 
between oppositely flowing currents 
of water. High-speed television cam
eras pointing upward at the bottom 
of the curtain have captured imag
es of such vortexes, and remarkably 
similar structures have been gener
ated in computer models of vortex 
formation. 

The energy of auroral electrons in 
relation to the spatial distribution of 
the potential structure has been stud
ied extensively with instruments on 
board rockets and satellites by Louis 
A. Frank of the University of Iowa, 
James L. Burch of the Southwest Re
search Institute, Patricia H. Reiff of 
Rice University and Bengt Hultgvist 
and his collaborators on the Swedish 

Viking satellite program. Investigators 
at the Lockheed Missiles and Space 
Company have confirmed that the au
roral potential structure also accel
erates positive ions upward; indeed, 
such ions become at times a signifi
cant part of magnetospheric plasma. 

Interactions of particles and electro
magnetic waves in a plasma also occur 
in the auroral potential structure, gen
erating intense radio waves. Donald A.  
Gurnett of  Iowa noted that these emis
sions are so intense that an extrater
restrial intelligence system would de
tect them well before it could viSibly 
detect the earth. These emissions do 
not interfere with radio broadcasts on 
the earth, because the ionosphere re
flects them upward, just as it reflects 
earth-based emissions groundward. 

The existence of the auroral poten
tial structure should be of great inter
est to astrophysicists and solar physi
cists, as well as to auroral physicists, 

AS SOLAR-WIND PLASMA flows across magnetic field lines in the magnetopause, pro
tons are deflected to the dawn side of the magnetotail and electrons to the dusk side. 
Current flows between the two regions, most of it directly across the magnetotail but 

some of it along magnetic field lines to and from a vast oval in the ionosphere. This 
field-aligned current is carried by electrons, which excite the auroral emissions. Sec
ondary currents develop along paths that are parallel to the primary currents (inset). 
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FIELD-ALIGNED ELECTRONS trace a helical path around magnetic field lines_ As they 
descend toward the ionosphere their pitch angle increases until they are deflected 

back upward (left)- In certain situations (right) a peculiar electric field called an 
auroral potential structure develops around the electron currents_ Electrons accel
erated downward by the potential structure are able to penetrate deeper into the 

ionosphere_ The potential structure is very thin from north to south but extends 
from east to west for thousands of kilometers, giving the aurora its curtain shape_ 
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ATOMS AND MOLECULES in the lower ionosphere emit radiation when they are struck 
by electrons that have been accelerated by the auroral potential structure_ Electrons 
slowed by collisions emit bremsstrahlung X rays_ Collisions break up molecules 

into excited atoms that emit radiation as they fall to a lower energy state_ Electrons 
knocked off by the collisions strike and excite atoms, which then emit radiation_ The 

electrons also ionize atoms, which emit radiation on recombining with electrons_ 
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because it is still widely believed that 
a significant electric field cannot be 
maintained along magnetic field lines 
in a rarefied plasma, and therefore 
charged particles cannot be accelerat
ed in this manner. The observation of 
such a field in connection with auro
ras suggests that similar fields may 
exist in astrophysical conditions such 
as those in the Crab nebula, which has 
a plasma density and energy like that 
of the magnetosphere. 

Electrojets and Substorms 

The largest injection of energy into 
the ionosphere by the auroral genera
tor is through a pair of electric cur
rents, called westward and eastward 
electrojets. These currents are driven 
along the auroral oval in the lower 
ionosphere and produce intense heat
ing that contributes to the generation 
of large-scale winds in the polar upper 
atmosphere. 

How do the electrojets arise? Bear in 
mind that electric currents flow be
tween the outer and inner edges of the 
oval. The currents are induced by an 
electric field that is parallel to the 
earth's surface and therefore perpen
dicular to the earth's magnetic field at 
the poles [see top illustration on oppo
site page]. In the presence of these mu
tually perpendicular fields, charged 
particles undergo something called E
cross-B drift, according to which both 
positive and negative particles drift 
in the same direction, from the night 
side to the day side. 

In the upper ionosphere the drifting 
particles travel at the same speed and 
so have no net current, but they do 
impart momentum to neutral parti
cles, contributing further to wind gen
eration. In the lower ionosphere, how
ever, the protons collide too frequent
ly with neutral particles and become 
filtered out of the E-cross-B drift. As a 
result only electrons can flow along 
the auroral oval. Hence there is a net 
electric current pointing eastward in 
the evening sector and westward in 
the morning sector. 

In the International Geophysical 
Year (l957-1958) observations by 
camera of the entire sky revealed a 
hitherto unknown systematic aspect 
of auroral activity over the polar re
gion: the auroral sub storm. The first 
indication of a substorm is a sudden 
brightening of the auroral curtain 
from late evening to midnight. This 
brightening spreads rapidly along the 
curtain in both directions, so that 
in a matter of several minutes the en
tire section of the curtain in the dark 
hemisphere becomes bright. 
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The bright curtain begins to move 
poleward in the midnight sector at a 
speed of a few hundred meters per 
second. At the same time a large-scale 
bulging structure is generated there. 
Various wavy motions appear close 
to the western end of the bulge and 
propagate westward at a speed of 
one kilometer per second. Halfway 
around the pole, in the morning sec
tor, the auroral curtains disintegrate 
into many "patches." The poleward 
motion in the midnight sector typical
ly lasts from about 30 minutes to 
an hour. After this poleward advance 
reaches its highest latitude the auroral 
activity begins to subside. The sub
storm typically lasts between one and 
three hours. 

The auroral sub storm is a mani
festation of what is called a mag
netospheric sub storm, about four 
or five of which occur every day. 
Other manifestations include great
ly enhanced electrojets, which in turn 
cause intense geomagnetic distur
bances known as polar magnetic sub
storms. One such storm on March 18, 
1978, was recorded in detail in an 
international effort that involved set
ting up more than 70 magnetometers 
in the Arctic region, arranged along 
six "spokes" radiating from the mag
netic north pole. Powerful computer 
codes enabled Yosuke Kamide of Kyo
to Sangyo University and Yasha I. Feld
stein of the Academy of Sciences of 
the U.S.S.R. to reconstruct the electric 
current pattern from the magnetic 
records. They were also able to esti
mate the heat-prodUction rate associ
ated with these ionospheric currents. 

Sub storm Dynamics 

Many investigators, including Rob
ert McPherron of the University of 
California at Los Angeles and Dan
iel Baker of the National Aeronautics 
and Space Administration Goddard 
Space Flight Center, speculate that 
sub storms are driven by processes 
within the magneto tail. The generator 
process drives two loop currents that 
flow in opposite directions around the 
northern and southern lobes of the 
magnetotail. The circulating currents 
induce antiparallel magnetic fields 
along the length of the tail. It is gener
ally thought such antiparallel fields 
would spontaneously and explosive
ly reconnect, releasing the energy to 
drive the sub storms. 

It has become increaSingly clear, 
however, that the growth and decay 
of magnetospheric substorms is part
ly controlled by the rise and fall of 
the power produced by the generator 

FIELD-AUGNED CURRENTS induce electric fields across the auroral oval that are 
perpendicular to the geomagnetic field. In such a situation electrons and protons are 
driven in the same direction, in what is known as the E-cross-B drift. The drift over 
the polar cap is in the direction opposite to that along the oval because the electric 
fields point in opposite directions. (The particles follow spiral paths because the 
Lorentz force causes them to move in circles around the magnetic field lines.) In the 
upper ionosphere both electrons and protons proceed at the same speed and there 

is no net current. In the lower ionosphere the protons undergo many collisions and 
move a small amount in the direction of the electric field rather than of the E-cross

B drift. Hence, there is a net current of electrons, which produces the electrojets. 
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IONOSPHERIC CURRENTS recorded on March 18, 1978, during a sub storm (right), are 

much larger than those recorded just one hour earlier (left). The activity is shown 

from above the magnetic north pole, with the day side at the top and the night side at 
the bottom. The arrows point in the direction of the currents, and their length 

indicates the strength of the current. During the substorm a westward electrojet was 
observed in the dark sector and an eastward electrojet in the afternoon sector. The 
amount of heat generated by the electrical activity is indicated by shades of red. 
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process. In the early 1970's my grad
uate student Paul Perreault and I set 
out to try to relate the generator pow
er to various characteristics of the so
lar wind. We assumed that the actual 
measured total energy dissipated in 
the inner magnetosphere was equal 
to the rate of power injected into 
the magnetosphere by the solar wind. 
We then tried to see whether fluctua
tions in the dissipated energy were 
correlated with changes in certain fea
tures of the solar wind, which had 
been measured by satellites. 

We determined that the power is 
proportional to the product of the 
solar-wind speed, the square of the 
strength of its magnetic field and 
the fourth power of the sine of half 
of the polar angle (measured from the 
north pole) at which this field imping
es on the earth's magnetic field. In 
other words, the power is zero when 
the solar-wind magnetic field points 
north, because the polar angle is zero 
degrees and so the sine function is 

zero. Conversely, the power is at a 
peak when the field points south (ev
erything else being equal), because the 
polar angle is 180 degrees and the sine 
function reaches its maximum value. 

Mikhail Pudovkin and his colleagues 
at the University of Leningrad, along 
with other theorists, have derived the 
same formula theoretically by assum
ing that the magnetosphere behaves 
like a magneto hydrodynamic gener
ator. Reiff and her colleagues have 
shown that measured variations in the 
potential drop across the polar cap (the 
voltage produced by the auroral gen
erator) are closely related to the power 
calculated from our equation. What is 
more, each major increase of the pow
er above 10,000 megawatts was asso
ciated not only with an increase of the 
potential drop but also with an inten
sification of auroral substorms. 

We find that the auroral oval con
tracts and enlarges depending on the 
amount of power supplied by the 
auroral generator, which is in turn 

DETAIL OF AURORAL OVAL is depicted in this view from above the geographic north 
pole. A diffuse aurora sweeps out a smooth belt from the evening sector to the 

midnight sector. It has a fairly uniform luminosity in the evening sector and is often 
wide enough to fill the entire field of view of an observer on the ground. Discrete, 

curtainlike auroras are distributed along the poleward side of the diffuse aurora. At 
the height of a sub storm bright forms advance toward the pole at about midnight, as 

is shown here. Toward morning the diffuse portion appears to disintegrate into 

numerous curtainlike structures and patches on the outer perimeter of the oval. 
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a function of the north-south com
ponent of the interplanetary mag
netic field. Such observations indi
cate that substorms occur most often 
when the solar-wind magnetic field 
vector turns southward-persuasive 
evidence that sub storms are closely 
controlled by the solar wind rather 
than by spontaneous events within 
the magnetosphere. 

Some Remaining Questions 

It is not yet well understood what 
triggers the sub storms. In particular 
an increase in generator power by 
itself cannot account for the sud
den brightening of the auroral cur
tain. joseph R. Kan of the University 
of Alaska at Fairbanks theorizes that 
the brightening occurs because field
aligned currents become amplified by 
effects that arise in the ionosphere 
when the E-cross-B drift is enhanced 
by a surge in generator power. 

What happens when, instead of 
pointing southward, the magnetic field 
is large and points northward for an 
extended period? As the power of the 
auroral generator decreases, the auro
ra becomes dim and the electrojets 
become weak. An unexpected auroral 
phenomenon takes place under these 
conditions. Several auroral curtains 
stretch across the polar cap in a di
rection parallel to the noon-midnight 
meridian, and patchy subvisual auro
ras drift across the polar cap in the 
same direction. These auroras cannot 
be understood simply in terms of the 
decreasing power of the generator and 
are beyond the scope of this article. 

The model of auroral power genera
tion that I have described so far con
cerns magnetic reconnection on the 
sunward side of the magnetosphere. 
Reconnection is expected 'to occur in 
the magneto tail as well, in a process 
that is also driven and partly con
trolled by the generator. There is now 
evidence, gathered by james A. Slavin 
and Bruce T. Tsurutani of the jet Pro
pulsion Laboratory, that the speed of 
the plasma flow away from the earth 
at a distance downstream of some 
200 earth radii correlates with the in
tensity of the auroral electrojets. The 
downstream flow is thought to be pro
pelled by the energy released by mag
netic reconnection in the magneto tail. 

As the aurora brightens, plasma 
sheets in the magneto tail first become 
very thin and a short time later give 
rise to a variety of activities in the 
magneto tail. These are expected to be 
in some way related to auroral dynam
ics during substorms. The Internation
al Solar-Terrestrial Physics project, a 
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major multisatellite effort now in the 
final planning stage, is designed to 
find answers to these questions. 

Beyond Auroras 

The power of the auroral generator 
is ultimately controlled by activity in 
the sun, in particular by such transient 
events as solar flares and massive 
ejections of coronal gases, which gen
erate shock waves that propagate in 
the solar wind. Just behind the wave
front the solar wind reaches a speed 
of from 500 to 1,000 kilometers per 
second, and the magnetic field is com
pressed and therefore increased in 
magnitude. As the shock wave collides 
with the magnetosphere, the gener
ator power can surge to 10 million 
megawatts or more, provided the mag
netic field is directed southward. 

This situation can give rise to a geo
magnetic storm. During such a storm 
the auroral oval expands abnormally. 
As the oval spreads southward it may 
disappear from the Alaskan sky and 
appear at the latitude of the border of 
the U.S. and Canada, or even lower. The 
6 30-nanometer red emission from ox
ygen atoms is greatly enhanced in 
such auroras, perhaps because the in
creased power thermally excites the 
oxygen atoms to higher energy states. 
At the same time, intensified currents 
in the Van Allen belts create large 
magnetic fields even in the lower lati
tudes and on the ground. 

Recently my colleagues in solar 
physics and I have been trying to 
understand the effect of solar shock 
waves on the magnetosphere. A solar 
flare at the center of the solar disk 
would generate a shock wave that 
propagates toward the earth along the 
sun-earth line. In this situation the 
wavefroNt would collide nearly head 
on with the nose of the magneto
sphere; the interplanetary magnetic 
field would undergo a large compres
sion and would therefore increase in 
magnitude. This in turn would great
ly increase the power of the auroral 
generator. If a flare occurs near the 
limb of the solar disk, its shock wave 
would propagate in a direction per
pendicular to the sun-earth line and 
so would glance off the nose of the 
magnetosphere, compressing it by an 
insignificant amount. In this situation 
even an intense flare may not cause a 
major auroral display. 

Another solar phenomenon that af
fects auroral activity are "holes" in the 
corona-regions devoid of sunspots. 
Such holes generate high-speed tor
rents of solar wind. They are particu
larly well developed during the declin-
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WHEN SOlAR WIND'S magnetic field vector points northward, the auroral oval is 

small and mostly filled by a subvisual glow (a). As the field turns southward the oval 
brightens and expands rapidly; the subvisual glow disappears except along a nar
row belt on the inside of the oval (b). About an hour later a sub storm begins, and 

bright curtains advance toward the pole. The sub storm reaches its peak one or two 

hours after its onset (c). After the field vector tips northward again, the aurora be
comes dim, and curtains parallel to the noon-midnight meridian appear across the 

polar cap (d). When the field vector has had a large northward component for 

many hours, the oval rim may vanish, leaving a glow over the entire polar region (e). 

ing epoch of a sunspot cycle. Often 
two large holes appear simultaneous
ly, one extending from the sun's north 
pole and the other extending from the 
south pole. Each hole expels solar 
wind in a broad stream. 

Since the sun rotates with a period 
of about 27 days with respect to the 
earth, there is a rotating-sprinkler ef
fect: one stream arrives at the earth 
and is followed two weeks later by the 
other. The earth is immersed in each 
stream for about a week. During this 
time the generator power is high and 
variable. The coronal holes tend to last 
for many months, and so in the declin
ing epoch of a sunspot cycle there will 
be two one-week intervals of auro
ral activity every 27 days over many 
months. The solar wind appears to be 
ejected at a greater speed from higher 
latitudes of the coronal hole; this may 
be one reason auroral activity intensi
fies in the spring and fall equinoctial 
months, when the earth is at the high
est heliographic latitudes. 

The key to understanding certain 
solar events may in fact lie in the 
auroras themselves. Like auroras, so
lar flares are caused by atmospheric 
emissions of excited atoms and ap
pear as bright, curtainlike formations, 
and they are no doubt manifestations 
of similar processes. It has long been 
suggested that the energy for flares 
is supplied by magnetic reconnection 
in the sun's magnetic field. The theo
ry requires the existence of so-called 
force-free fields, which are identical 

to the field associated with field
aligned currents in the earth's mag
netosphere. It is essential to find a 
generator mechanism that can sup
ply the electric power for force-free 
fields and solar flares. Perhaps gase
ous motions in the sun's visible sur
face, which resembles the earth's iono
sphere, generate the necessary power. 

It is my hope that the study of auro
ras will contribute to the understand
ing of a diversity of astrophysical phe
nomena. After all, rarefied plasmas 
permeated by magnetic fields are in
trinsic to most astronomical objects; 
the interactions of magnetized plasma 
flows and the atmosphere of such 
magnetized celestial bodies as stars, 
planets and comets may be quite com
mon. Of all such interactions, only the 
aurora provides a ready laboratory in 
which scientists can test and confirm 
theories through direct observation. 
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SCIENCE AND BUSINESS 
Technology Transfer 
Research consortiums look 
for ways to work with backers 

J
ust north of downtown Austin lies 
the Microelectronics and Comput
er Technology Corporation (MCC), 
which opened shop in 1983 as 

one of the earliest industrial research 
consortiums in the US Five years lat
er the Semiconductor Manufacturing 
Technology (SEMATECH) consortium, a 
joint industry-Government research 
project, took up residence some 25 
miles south of MCC. They are not 
alone: scattered across the U.S. are 
more than 75 research consortiums, 
in which companies pool resources to 
investigate everything from cement to 
semiconductors. 

Research consortiums have become 
the corporate fad of the 1980's. Their 
organizational details vary. Some proj
ects are funded by local governments 
eager to attract industrial investment 
to the area; others aim to team com
panies and universities. For the uni
versities these projects may mean 
more money for research, better equip
ment and added appeal for top-rank
ing graduate students. For the compa
nies such collaboration can keep them 
abreast of basic research in more ar
eas than they could manage in-house; 
it also gives them access to a pool of 
well-trained investigators. 

Nevertheless, the consortiums that 
have attracted the most attention and 
funding are ones such as MCC and 
SEMATECH, which are meant to keep 
U.S. industries competitive by devel
oping generic technologies that mem
ber companies can hone for their spe
cific purposes. Government and in
dustry have pinned high hopes on 
these consortiums, hoping they will 
invigorate flagging industries or boost 
U.S. efforts in fledgling technologies 
such as high-definition television or 
superconductors. 

As consortiums mature, however, 
it is becoming obvious they cannot 
simply be research laboratories that 
member firms dip into and pull out 
new technology. Nor can consortiums 
set the research directions of mem
ber companies. Instead, consortiums 
must find ways to marry their corpo
rate sponsors, so that consortium and 
sponsor can then jointly conceive and 
raise ideas into prototypes. 

"The science is the easy part," says 
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Fertile collaboration, 
high-tech houses, 
truffle technology 

Grant A .  Dove, MCC'S chief executive. 
The difficulties cut two ways, Dove ob
serves: motivating a corporate spon
sor to plunge ahead with a new tech
nology and instilling in researchers 
a better appreciation of the needs 
and concerns of the sponsor. "The cre
ation of new technology-across the 
board-happens in the U.S. at a pace 
not found anywhere else," says Admir
al Bobby R .  Inman, MCC'S first chief 
executive. It is in the race to commer
cialize or even apply new technology 
that the U.S. loses ground, he adds. 

Most consortiums, intended by their 
founders to be fountains of new tech
nology, spent little time wondering 
about how to transfer technology as 
they established their research agen
das. Typically "technology transfer" 
meant that as project developers 
reached a milestone they summarized 
the work and turned it over to a recipi
ent, says Dan P. Dimancescu, cofound
er of the Technology & Strategy Group 
consulting firm in Cambridge, Mass. 
"It was a very linear process," he says. 

"We once thought that one could 
have technology transferred through 
a receptor or a designated structure," 
such as one person or a series of doc
uments, says Eugene Lowenthal, direc
tor of MCC'S advanced computer archi
tecture program. 

Sponsoring firms, meanwhile, saw 
consortiums as places where a one
dollar investment would buy many 
dollars of research. Now they are real
izing that gaining the full benefits of 
their participation requires a much 
greater commitment than simply ear
marking dollars. "Those companies 
that just invest in a consortium and 
watch will find that nothing much 
happens," says Matthew Kuhn, who 
spent several years as the liaison be
tween his employer, Bell Northern Re
search, and the Microelectronics Cen
ter of North Carolina. (He was recent-

Iy appointed president of the center.) 
What both consortiums and spon

sors have learned, Dimancescu says, 
is that technology transfer means de
veloping a project jointly. Technology 
transfer is evolving into a continuous 
process in which workers who are pri
marily developing the technology and 
those who intend to use it toss ideas 
back and forth, Dimancescu says. 

MCC learned that lesson the hard 
way in its design-automation proj
ect. Workers knew that the sponsor
ing companies were eager to have new 
computer-aided-design (CAD) tools. 
MCC began developing algorithms in 
a programming language called LISP. 
What the members had hoped for, 
however, were fully completed tools, 
not research algorithms that they 
would have to adapt. "We handed 
them new algorithms, and it was like 
feeding grass to a tiger," says John T. 
Pinkston, MCC'S chief scientist. The 
consortium's CAD program was reor
ganized last year. 

The value of collaborative work was 
driven home during the development 
of an expert system for creating in
tegrated-circuit designs. The project, 
called Proteus, caught the eye of a 
senior consultant to the NCR Corp. He 
recommended the company assign an 
engineer to work on the project. For a 
year the NCR engineer spent one week 
every month with MCC'S Proteus team. 
She took the software the team devel
oped back to her research group in 
Fort Collins, Colo., where she and oth
er NCR engineers were building an 
application. Then she flew back to MCC 
with questions and suggestions about 
how to make Proteus fit NCR's needs 
better. The time was well spent; NCR's 
application of Proteus, called the De
sign Advisor, became the first MCC 
technology to reach the market. 

Consortiums such as MCC also 
discovered that they need to be as 
sensitive as any in-house worker to 
the pressures on corporations. For 
instance, regardless of the merit of a 
technology, piling additional costs on 
a project will kill the interest of the 
most enthusiastic sponsor. When one 
company found it had to spend at 
least two dollars at home for every one 
it spent at MCC, it quit the program. "It 
isn't as simple as saying, 'we spent a 
million dollars, so we're going to use 
the technology,' '' says James D. Bab
cock, a manager in MCC'S software 
technology group. Lowenthal recollect-
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SCIENCE/SCOPE@ 

A new test fixture precisely determines the capabilities of integrated circuit chips with 
frequencies up to nine gigahertz. Developed by Hughes Aircraft Company, it provides clear electrical 
characterizations of gallium arsenide chips, which operate six times faster than chips made of silicon. 
Accurate information about how these chips perform under a variety of conditions is required before a 
circuit can be designed. The new test fixture can be used to generate data showing component 
performance characteristics such as voltage, current, and frequency as functions of 
environmental stress. 

An integrated security management system that can monitor and display security and fire alarms will 
help security forces operate more efficiently. The system, designed by Hughes for General Motors ' 
Regional Personnel Administration, will integrate new and existing systems in 180 GM plants 
throughout the United States. GM will establish 12 Regional Personnel Centers (RPCs) to serve the 
plant sites. Each RPC will perform central monitoring and control, rather than each plant site 
performing its own, as is presently the case. The new system has the potential to save GM millions of 
dollars each year. A similar Hughes-designed system is currently installed in the Smithsonian 
Institution in Washington, D. C. 

Sophisticated guidance and control electronics enable a US. Navy torpedo to operate as a single, 
integrated system. The guidance and control subsystem of the Mk-48 Advanced Capability (ADCAP) 

torpedo, now in production at Hughes, is programmed in the Navy's Standard CMS-2 software 
language to continuously coordinate information from the weapon's autopilot, inertial navigation 
system, sonar array, and the ship's fire control system. Prior to launch, the submarine's fire control 
system sets attack functions in the torpedds guidance and control subsystem. After launch, the torpedo 
receives updated information from its own sensors, and from the submarine via a long, thin 
communications wire, increasing the probability of the torpedo hitting its target even under 
acoustically warped conditions. 

A revolutionary three-dimensional architecture will result in an ultra-fast supercomputer that fits into 
the palm of a hand. A 3-D computer, under development by Hughes for the US. Air Force, uses a 
three-dimensional array of processors to achieve an extremely high degree of parallel processing. The 
array of processors is distributed vertically on integrated circuit wafers, stacked one on top of another, 
eliminating circuit boards, chip packages and connectors. This allows as much as 90 percent of the 
computer to be active silicon circuitry. Final versions of the computer will handle 10 0-billion 
operations per second for applications like image processing, radar signal processing, and space
based missions. 

Avionics systems that can automatically reconfigure themselves, or operate in a degraded mode, will be 
built into the structure and skin of future aircraft. The research into these systems, called "smart 
skins," is being conducted by Hughes for the US. Air Force. Instead of discrete "black boxes" 
connected by individual wires, smart skins will consist of antennas, transmitters, receivers, sensors, 
processors, controllers, and communications channels built into the frame and outer skin of an aircraft, 
with as much as 50 percent of the aircraft's surface area covered by sensors and antennas. These 
systems have the potential for extremely high reliability and continued operation even during periods of 
intense combat. 

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

HUGHES 
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ed one software project that would 
have benefited only a company with a 
parallel-processing computer; mem
ber companies balked at buying the 
expensive hardware. MCC workers now 
try to develop systems that are not 
likely to be so expensive to use. "We're 
mOving some software we developed 
on expensive workstations to personal 
computers," Babcock says. 

Companies in turn are devoting 
more people in-house to the task of 
working with outside projects. Digital 
Electronics, which helps to support 
some 200 external research projects, 
such as those at MCC, SEMATECH and 
the Microelectronics Center of North 
Carolina, now requires that every proj
ect have an individual sponsor within 
the company. Including the funding 
for external projects in the budgets 
for internal research projects also 
encourages Digital managers to pay 
close attention to the work at the con
sortiums, says John W. McCredie, Digi
tal's director of external research. "So 
it's not much different from internal 
research," he adds. 

These lessons have not been lost 
on SEMATECH, the consortium found
ed to develop manufacturing technol
ogy for semiconductor makers. Unlike 
most other consortiums, SEMATECH is 
narrowly focused on developing man
ufacturing techniques for producing 
five-inch (and eventually eight-inch) 
silicon wafers, which are the bedrock 
of most microprocessors. 

"If we do our job well, we'll have 90 
percent of the technology transferred 
by the time we do the 'final' transfer 
of technology," says Larry T. Novak, 
SEMATECH'S manager of technology 
transfer. One means to the end: rough
ly half of SEMATECH'S staff consists of 
investigators assigned by their em
ployers to serve two-year stints at 
SEMATECH. (In contrast, only 15 per
cent of MCC'S staff is loaned by mem
ber companies.) Robert N .  Noyce, pres
ident of SEMATECH, also points out 
that all of its members are refining the 
consortium's work at home; SEMATECH 
is creating a manufacturing "tool kit," 
and the members in turn improve and 
use those technologies to manufac
ture proprietary products. 

Yet consortiums represent only a 
partial step toward enhancing the 
competitiveness of U.S. companies. 
The most significant changes must 
take place within the companies them
selves. Not surprisingly, the compa
nies that receive the highest marks for 
taking advantage of technology from 
experienced consortiums are those 
that have reputations for fostering in
novation at home, such as the 3M 
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Corp. 3M emphasizes that consorti
ums play only one part in moving 
technology into use. It would be hard 
to imagine a consortium independent
ly developing technology that was cen
tral to the company, says Thomas E .  
Wollner, a senior vice president a t  3M. 

Inman, moreover, argues that man
ufacturers have to develop iterative 
product cycles: design a product, 
make and sell it, collect feedback from 
the consumers, modify the product 
and sell the adapted version. "A con
sortium is a terrific way to put focus 
on high-risk projects," he says; com
panies in turn must learn to evolve 
technology. -Elizabeth Corcoran 

Housing Developments 
Increasing competition pushes 
more technology into houses 

T
he u.s. house-building indus
try, one of the most fragmented 
and decentralized manufactur

ing businesses, has been called "the 
industry that capitalism forgot." But it 
might be described even more aptly as 
the industry that largely forgot about 
research. Both descriptions, however, 
may eventually become passe. Con
cerns about foreign competition in 
almost every aspect of the housing 
business-from materials to complete 
houses-are spurring the industry to 
take a hard look at the house of the 
future. 

From the vantage of the Govern
ment, if not of the builders them
selves, the threat of foreign competi
tion begins with the materials and 
products that go into homes, includ
ing plywood and gypsum. After a 
building-materials surplus of $700 
million in 1981, the U.S. ran a $2.34 
billion deficit in 1987. When trade im
balances in building appliances, such 
as plumbing fixtures and ovens, are 
added, the deficit widens to $6 billion. 

Lack of investment in research and 
development makes the industry's 
long-term prognosis also look bleak. 
For most U.S. industries the annual 
R&D expenditures are about 2.6 per
cent of revenues; "no matter how you 
look at the housing numbers, they're 
sure a long way from that," says Henry 
Kelly, a senior associate with the Of
fice of Technology Assessment. Most 
of the roughly $80 million the U.S. 
government annually spends on com
mercial and residential construction 
research goes into efforts to improve 
energy efficiency. "There's exciting 
work going on in window technology 
and light fixtures," Kelly says, which is 

aimed at developing highly energy
efficient systems. But, he adds, -"energy 
research only gets at part of the hous
ing problem." 

Foreign manufacturers are making 
inroads into everything from sophisti
cated appliances to innovative houses. 
Forget the tacky, modular houses of 
the past; "we prefer to call our prod
uct 'factory-crafted housing,' " says Mi
chael Mononen, a program manager 
for building systems in the Swedish 
Trade Council. 

Twenty years ago fewer than half 
of the new houses in Sweden were 
assembled from factory-made mod
ules, Mononen says. But the 1973 en
ergy crisis convinced the Swedish gov
ernment to draft a single national 
building code requiring high energy 
efficiency. (In contrast the U.S. has 
four model codes, which thousands of 
communities have amended with local 
requirements.) As a result about 95 
percent of all the new single-family 
houses built in Sweden are now facto
ry crafted. "Stick built" houses have 
not been able to match the energy 
effiCiency and quality of the factory
crafted modules, Mononen says. 

Importers are betting that energy 
efficiency and sturdy Swedish con
struction will appeal to U.S. home buy
ers as well. Components of the home, 
such as walls and floors, are shipped 
from Sweden and can be snapped to
gether by trained workers in three 
days; total construction time, includ
ing installation of appliances, is about 
eight weeks, says James E. Metivier, 
who is putting up about l75 Swedish
manufactured duplexes in Laconia, 
N.H. The houses are not cheap; Meti
vier says selling prices are in the 
$150,000 range. 

Although factory-built houses are 
common in Japan, Michael L. Joroff, 
director of the laboratory for architec
ture and planning at the Massachu
setts Institute of Technology, worries 
more about competition from Japa
nese manufacturers of house compo
nents, such as home automation and 
electronics systems. "Americans build 
houses as shells. Someone else does 
the furnishing," he says. "In Japan, a 
house is a product, and manufacturers 
continue to sell to their customers." 
Even though Japanese companies may 
not be building houses for the U.S., he 
says, they are aiming to service them. 

One U.S. foray into home automa
tion is the "smart house" project, initi
ated by the National Association of 
Home Builders about four years ago. 
Under the smart-house rubric, more 
than 100 North American manufactur
ers of housing components have been 

© 1989 SCIENTIFIC AMERICAN, INC



trying to design a system for distrib
uting energy and communications 
throughout a house via a single ca
ble. Any device-a lamp, a telephone 
or a cable television system-could 
be plugged into any wall outlet. A 
homeowner could program the sys
tem to turn components-lamps, ther
mostats, alarms and so on-on and off 
at prescribed times. The system might 
also incorporate a computer that 
would learn the habits of the home
owner and adjust devices accordingly. 

"Intelligent buildings are a grand 
notion," says Steven Winter, found
er of the Steven Winter consulting 
group in Washington, D.C. "It's un
clear whether the (U.S.) smart house 
will be the winning system," says Da
vid Engel, an analyst at the Depart
ment of Housing and Urban Develop
ment. European and Japanese manu
facturers are devoting much energy to 
a variety of home automation sys
tems, he adds; Joroff predicts that the 
Japanese will be first to introduce 
smart technology for homes. "Whoev
er wins that war," Engel says, "will win 
the market for future American build
ing products." -E.C 

A Truffiing Matter 
Lab coats replace pigs 
in the hunt for truffles 

P
icture this: a crisp winter day in 
southern France, oak branches 
creaking in the wind, a pig tug

ging impatiently on her leash as she 
catches a whiff of the truffles nestled 
near the tree roots. For centuries, epi
cures have had to rely on such tra
ditional means for securing truffles. 
Now they need wait only for the next 
production run. A French company is 
marketing an artificial truffle oil that 
replicates the aroma of the fungus. 
Meanwhile, two Californian entrepre
neurs are cultivating miniature truf
fles indoors. 

Although by ancestry it belongs with 
fungi as mundane as the chestnut 
blight and the penicillin mold, Tuber 
melanosporum-the black truffle
has often been called the "diamond" 
of haute cuisine. Words fail to de
scribe its delicate flavor, according to 
David P. Kellaway, a master chef at the 
Culinary Institute of America. ("Musty" 
might satisfy a less cultivated palate; 
to female pigs, truffles are attractively 
reminiscent of the smell of potential 
mates.) The fungus' price is Similarly 
distinctive: a four-ounce jar of black 
truffles at a New York City market 
typically fetches $60. 

For true gastronomes, declining 
truffle harvests are the real worry. 
Truffles, which take roughly seven 
years to reach their mature diameter 
of an inch or two, are found primarily 
in a few areas of France, Italy and 
Spain. Since 1925, when the annual 
truffle take was about 450 tons, truffle 
harvests have plummeted, to only 20 
tons in 1986. The decline may reflect 
the loss of the stands of oak in which 
the fungus tends to grow. 

Enter Thierry Talou, a chemical re
search engineer at the agroresources 
chemistry department of the National 
PolytechniC Institute in Toulouse, who 
is finishing his doctoral thesis on 
truffles this year. At the suggestion 
of Pebeyre S.A ., a leading French dis
tributor of truffles, Talou spent the 
past few years chemically dissecting 
the truffle aroma. He employed gas 
chromatography to isolate the vola
tile compounds that contribute to the 
smell. Unlike some fruits and vegeta
bles, in which one compound pro
duces the characteristic scent, mature 
truffles owe their aroma to a blend of 
at least 14 compounds, says Talou. 
Among them he found that dimethyl 
sulfide plays a leading albeit not over
bearing role. Talou replicated the truf
fle aroma by mixing the compounds 
with vegetable oiL 

How closely does the oil mimic the 
original? The chemical match is good, 
Talou says. The truffle oil has also 
been tested by French chefs; Talou 
says they have assured him that the oil 
is "a perfect imitation of the famous 
black truffle aroma." Perhaps more 
critical, however, were the field tests. 
"Samples of our flavoring buried in 
soil were detected by trained dogs 
with the same success as for truffles," 
reports Talou. (Two years ago Talou 

tried searching for truffles with a por
table gas detector instead of animals. 
The suction-equipped sensor includ
ed a vacuum pump and a flame-ioniza
tion gas detector. Although it easily 
registered the presence of exhumed 
truffles, the gas detector failed to find 
buried truffles in an area where a dog 
sniffed out three. Consequently, Talou 
sets great store by animal tests.) 

Still, there is more than one way to 
develop a truffle, as Moshe Shifrine, a 
retired immunologist in Woodland, 
Calif., is proving. During the past 30 
years Shifrine has spent his spare time 
tinkering with truffle spores. Several 
years ago he hit on a growth medium 
that was conducive to growing truffles 
in a petri dish. With the help of Ran
dy Dorian, formerly a biotechnology 
investigator, Shifrine has scaled up 
to harvests of roughly 60 pounds per 
week. Because Shifrine harvests his 
truffles after one year's growth, how
ever, his fungi are tiny compared with 
their wild brethren. As a result he sells 
truffle oil, paste, powder and juice, but 
no fresh truffles. 

Shifrine's "La Truffe" products be
gan to reach U.S. consumers a year 
ago; a subsidiary of Pebeyre started 
selling Talou's "Arome Artificiel de 
Truffe" to professional chefs in Eu
rope last July. Although both investi
gators say that consumers have been 
pleased with the taste of their prod
ucts, there are caveats. Talou notes 
that according to "sensory technolo
gists," aroma contributes no more 
than 80 percent of a food's flavor. Of 
the Californian truffles Talou says that 
in France "La Truffe" products would 
have to meet rigorous standards-in
cluding minimum spore count-be
fore they could earn the appellation 
truf{es. -E.C 

BLACK TRUFFLES grow under
ground, typically near the roots of 
oak trees. They are harvested in the 
winter months with the help of trained 
dogs and pigs. (Pictures counesy of 
Pebeyre S.A.) 
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The Past and Future Amazo'n 
The climatic history of the Amazon rain forest indicates that the 
ecosystem is well adapted to certain natural disturbances. Does 

it have the resilience to tolerate human exploitation? 

The rain forest covering the vast 
Amazon River basin of South 
America looks from the air like a 

uniform green carpet cut here and 
there by water. Actually the forest is 
anything but uniform. The "carpet" is 
the forest's canopy, formed by the 
broad leaves of many different kinds 
of giant trees, and this canopy is but 
the topmost layer of an ecosystem 
supporting more species than any 
other region on earth. The rain for
est is home to perhaps 80,000 plant 
species (including 600 kinds of palm 
alone) and possibly 30 million animal 
species, most of them insects. 

This remarkable diversity was once 
presumed to be a product of an ever
lastingly stable climate of abundant 
rain and warmth. Spared the short
term catastrophe of winter every year 
and the long-term disaster of glacia
tion, theory said, the tropical domain 
known simply as "the Amazon" would 
lose few species and accumulate 
many. Yet evidence from the field sug
gests that the Amazon is subject to 
climatic change on all tim@ scales, in
cluding cooling when ice-age climates 
loose glaciers over more northern ter
ritories. Moreover, far from being dis
astrous to life in the Amazon, the 
moderate climatic disturbances in the 
region may actually help account for 
the splendid diversity of the Amazon 
rain forest today. 

The influence of past climates on 

PAUL A. COUNVAux, author of sever
al books on ecology, has been professor 
of zoology and anthropology at Ohio 
State University since 1972. A native of 
Great Britain, he obtained bachelor'S 
and master's degrees at the University 
of Cambridge before moving to the U.S. 
and earning a Ph.D. in zoology from 
Duke University in 1962; he went to 
Ohio State in 1964. When he is not en
gaged in his own work, Colinvaux en
joys accompanying his wife, a coral reef 
biologist at Ohio State, on her diving 
expeditions. 
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by Paul A. Colinvaux 

species diversity in the Amazon eco
system is of more than academic in
terest; it is an invaluable predictor of 
the forest's ability to endure change. 
As human beings lay waste to massive 
tracts of vegetation, an incalculable 
and unprecedented number of species 
are rapidly becoming extinct. Nations 
with jurisdiction over the rain forest
notably Brazil, Venezuela, Colombia, 
Ecuador and Peru-need to identify 
management strategies that can save 
as many species as possible and yet 
be compatible with the need for eco
nomic development. Those who devise 
such strategies must take into account 
the kinds of stresses that affect spe
cies diverSity, and so it is important to 
learn what insults the ecosystem has 
tolerated throughout history. 

The old belief that climatic sta
bility accounted for species di
versity in the Amazon emerged, 

strangely enough, from observations 
of the deep sea. Howard L. Sanders of 
the Marine Biological Laboratory in 
Woods Hole discovered high diversity 
among the mud-dwelling animals of 
the deep-ocean floor in spite of the 
cold darkness and low biological pro
ductivity there. He argued that such 
hostilities to life are offset by the 
perpetual sameness of the place. With
out significant fluctuations in physical 
conditions, the extinction of species 
that are adapted to prevailing condi
tions should be rare. In the course of 
time new species would continue to 
evolve, and so the rate of speciation 
would be greater than the rate of ex
tinction, resulting in the accumulation 
of great diverSity. 

Sanders suggested that the Amazon 
forest and other tropical forests could 
be thought of as analogous to (albeit 
more productive than) the deep sea: 
places with a stable supply of annual 
moisture and warmth in which extinc
tion should be rare. The absence of 
winter and glaciation and evidence 
that rain-forest trees have persisted 

for some 30 million years or long
er somewhere in the 3,000-kilome
ter-wide, 1,000-kilometer-long Ama
zon basin supported this view. 

Then, in 1969, several observations 
cast doubt on the validity of the stabil
ity theory for the Amazon, implying 
that the climate there has fluctuated 
significantly in the past. JUrgen Haffer, 
then of the Mobil Research and Devel
opment Corporation, noted that dif
ferent corners of the basin held their 
own, separate bird faunas in spite 
of the fact that essentially unbroken 
green forest spread from the western 
edge of the Amazon to the Atlantic 
Ocean in the east. Haffer and other 
biologists also noted species disjunc
tions among butterflies and a few oth
er groups. This pattern presented a 
glorious puzzle to workers studying 
the distributions of plants and ani
mals: Why would the populations have 
become isolated if the habitat in which 
they lived was continuous? 

Haffer proposed an explanation so 
bold and logical that many of us 
wished we had thought of it first. He 
suggested that the modern isolation 
has its roots in times past, in the latest 
ice age. Observing that the regions of 
species isolation generally centered 
on outcrops of high ground and that 
lowlands are drier than uplands, he 
proposed that in glacial times the Am
azon lowlands become a sea of near
desert arid plain; meanwhile the more 
elevated regions become islands of 
moisture and hence serve as refuges 
for the fauna and flora of the rain for
est. Populations that were once con
tinuous diverge along this ecologi
cal gradient and become permanent
ly separated as they adapt to their 
upland habitats. 

This hypothesis has great appeal 
because it appears to explain not only 
species disjunction in the Amazon 
basin but also the unusual species 
diversity there. The ice-age refuges 
would, as the earlier stability hypothe
sis predicted, protect existing species 
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from extinction. But the periodic geo
graphic isolation of related popula
tions (there have been an estimated 13 
ice ages to date) would facilitate ever
increasing divergence. 

F or the refuge hypothesis to stand 
there has to be proof that the 
lowlands of the Amazon, which 

now support wet forest, do indeed 
dry out in glacial times. No one has 
yet found compelling evidence that 
the Amazon was actually arid, al
though circumstantial evidence has 
been provided by computer models 
and also by sediment samples drawn 

from several sites in the tropics. 
For example, John E. Kutzbach and 

Peter J. Guetter of the University of 
Wisconsin at Madison have experi
mented with computer models of the 
global ice-age climate, predicting re
ductions of up to 20 percent in mon
soon rains in the tropics. Such a re
duction would certainly spread aridity 
into strongly seasonal regions-those 
with true dry periods each year-in
cluding at least some parts of the 
Amazon. (Many so-called seasonal re
gions in the tropics do not have true 
annual dry periods, merely ones that 
are less rainy than other seasons.) 

Daniel A. livingstone of Duke Uni
versity provided some of the earliest 
field data addressing the issue of arid
ity. He found by examining fossilized 
tree pollen, which is a good indicator 
of the local flora, that several tropical 
rain forests in modern Africa grow 
where dry woodland or savanna grew 
between 12,000 and 20,000 years ago; 
that is, late in the last ice age (from 
about 10,000 to 70,000 years ago). 
Hints of similar ice-age aridity in what 
are now wet tropical regions also came 
from outside the periphery of the Am
azon basin, suggesting that what was 
true for ice-age Africa might also have 

WATER-Cur PATCH of the Amazon rain forest is superficial· 
ly uniform but, like the rest of the forest, actually includes 
many tree species growing side by side. Indeed, the wet, warm 
forest supports more plant and animal species per unit area 
(as well as overall) than any other place on earth. This diver
sity was once thought to stem from an eternally stable climate, 

but it now appears that the Amazon has always been perturbed 
by such disturbances as local electrical storms and floods. 
In contrast to, say, the glaciation of a continent, which caus· 
es mass extinctions, these more moderate hazards prevent 
extinctions. By felling some individuals of dominant species, 
they give weaker species a chance to establish themselves. 
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PACIFIC OCEAN 

AMAZON RIVER BASIN in South America is bordered on the east 
by the Atlantic Ocean and on all other sides by lines of tall 
hills: the Venezuelan and Guiana Highlands to the north, the 

METERS 

LESS THAN 1.5 D 
1.5-2.0 D 
2.0-3.0 D 

MAPS of average annual rainfall in the Amazon (left) and the 
ranges of distinct butterfly species (right) show that regions 
of species isolation generally overlap with the wetter parts 
of the basin; they also center over hills (not shown). A similar 
pattern, first noted in birds, gave rise to the hypothesis that 
the separated ranges were established long ago, perhaps in the 
last ice age (roughly 10,000 to 70,000 years ago). The theory 
postulates that the lowlands become arid in ice ages and the 
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formidable Andes (rising to 6,000 meters) to the west and the 
Mato Grosso to the south. The rain forest (dark green) covering 
the basin persists up to an elevation of about 1,200 meters. 

wetter uplands become isolated refuges for rain-forest spe
cies; the species then evolve in isolation and remain isolated 
even when the forest regenerates. New findings suggest that 
the postulated ice-age refuges were in fact too cool to sup

port rain forests; instead, the forest persisted somewhere in 
the presumably warmer lowlands, which did not become arid. 

The new conclusion rejects the refuge theory but supports 
the notion that the Amazon's climate fluctuates appreciably. 
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been the case for the Amazon basin . 
. I myself gathered data suggestive of 

Amazonian aridity from the Galapagos 
Islands, which are about 2,000 kilo
meters directly west of the western
most edge of the Amazon basin on the 
Equator. A well-dated sediment core, 
or pipeful of undisturbed sediment, 
from under the floor of the Galapagos' 
one freshwater lake shows that the 
lake was without water in the last ice 
age. It did not fill until the onset of 
the Holocene (the current, postglacial 
period). 

On the continent itself others have 
found similar evidence at sites north 
of the Amazon. In northern Venezuela 
what is now deep Lake Valencia was 
without water at the end of the last ice 
age, and what is now a swamp on the 
coast of Guyana held dry vegetation. 
Different work suggests that a strong
ly seasonal forest to the south of the 
Amazon basin, near Sao Paulo, Brazil, 
was arid as well. 

More evidence that the glacial-age 
Amazon lowlands might have been 
arid has been obtained from deep-sea 
cores from the Atlantic Ocean, right 
near the mouth of the Amazon River. 
John E .  Damuth and Rhodes W. Fair
bridge, then of Columbia University, 
have found that sediment delivered 
from the east-flowing river during the 
last ice age included a small fraction 
of feldspars, minerals from crystalline 
rocks, that could conceivably have 
been the erosion products of an arid 
landscape. 

In spite of the abundance of the 
circumstantial evidence for ice-age 
aridity, I have become convinced that 
the evidence is not strong. Georg Irion 
of the Research Institute and Natu
ral History Museum in Frankfurt has 
shown that the feldspars in the Atlan
tic deposits probably came from rocks 
in the Amazon basin, but not from 
rocks on the surface. The sea level fell 
in the ice age, and the Amazon's many 
tributaries presumably cut their chan
nels deeper at the same time, carving 
out feldspars in the process. 

The sediment-core data from the 
Galapagos Islands and around the Am
azon on the mainland are also weak 
because the regions from which the 
sediments were taken, although closer 
than Africa, are still quite a distance 
from the Amazon rain forest. More
over, the regions frequently come un
der the influence of different climatic 
forces. Between the study sites and 
the Amazon basin are the tall Andes, 
the Venezuelan and Guiana Highlands 
and another immense line of hills 
known as the Mato Grosso (the great 
scrub), which constitute respectively 

BROAD-NEEDLE CONIFER, Podocarpus oleifolius, is one of several Podocarpus species 
that grow at some 1,800 meters and higher in the Andes of Ecuador but not in the 
Ecuadoran part of the Amazon rain forest, presumably because the trees require the 
relative cool of high elevations. The author recently found Podocarpus fossils dat
ed to the ice age in the Ecuadoran rain forest. This discovery is the primary one 
suggesting that the refuge theory of species disjunction is incorrect. It indicates that 
the fossil site, at Mera, which is within one of the major postulated refuges, was cool 
in the ice age and hence was not a refuge. If Mera was too cool to support a rain for
est, then some or all of the other postulated refuges were probably too cool also. 

the western, northern and southern 
boundaries of the basin. Each of those 
boundaries is a site of climatic ten
sion, so that the climate on one side of 
the heights is often quite different 
from the climate on the other side. 

It may be that in the strongly sea
sonal regions of the modern Amazon 
reductions in monsoon rains do result 
in semiaridity during glacial times
perhaps just below the Guiana High
lands in the northeastern corner, im
mediately to the west of the Mato 
Grosso in the southwest and in some 
parts of the central basin in Brazil. For 
most other, wetter regions of the Ama
zon, where annual rainfall is from two ' 
to five meters, it is quite unlikely that 
even a 20 percent reduction in the 
rains would make any practical differ
ence to life. 

In 1985 the fact that there were no 
radiocarbon-dated, glacial-age fos
sil data of any kind from Haffer's 

postulated refuges or the lowlands of 
the Amazon prompted me and my 
colleagues at Ohio State University to 
seek data from the Amazon proper. 
We found the only fossils that have yet 
been dated to an ice age. They suggest 
that the Amazon was not dry. The re
gion did undergo a significant change, 
however: it became cooler by several 
degrees Celsius. 

We found our specimens by seren
dipity, while searching the western
most edge of the rain forest, in eastern 
Ecuador, for old lakes whose sedi
ments we hoped would hold ancient 
records. At one point we found our
selves on a dirt road in Mera, whose 
1,100-meter elevation in the eastern 
foothills of the Andes places it close 
to the upper limits of today's rain for
est and within one of the major pu
tative refuges. There we noticed old 
tree stumps and logs that were em
bedded in an exposed patch of sedi
ment. Because we had a bit of time on 
our hands as we waited for a flight to a 
distant lake, we took a collection of 
sediment and wood samples. Radio
carbon dating of the wood indicated 
that some samples were 35,000 years 
old and the others 26,000 years old. 
Although earlier than the time of max
imum glaciation in the most recent ice 
age ( 18,000 years ago), these are dates 
of glacial times. 

Another analysis of the wood sam
ples showed they included softwoods, 
meaning conifers. Now, the only coni
fers in modern Ecuador are Podocar
pus trees of the Andean forests, which 
today grow at elevations that are at 
least 700 meters above the Mera site. 
Indeed, pollen analyses of the sedi
ment samples showed that the ancient 
forest at Mera had a strong Andean 
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LAKE ANANGUCOCHA (left) is one of four Ecuadoran lakes 
whose sediment records offer evidence that the western part 
of the Amazon rain forest underwent a long, unusually stormy 
period about 1,000 years ago. The top layer of sediment (right) 
is gyttja, or typical lake mud. Below this mud is a layer of typi· 
cal river sediment, which was deposited over another layer of 

lake mud between about 800 and 1,300 years ago. The pat· 
tern shows that Aiiangucocha, once an isolated lake, was reen· 
tered and filled for some 500 years by its parent river about 
1,300 years ago, probably because the river was swollen by 
repeated, powerful rainstorms. The river abandoned the lake 
about 800 years ago, presumably when the storms subsided. 

cast to it and that it has no direct 
analogue in modern tropical America. 

We conclude that the Podocarpus 
trees, which require both moisture 
and the relative coolness now found 
only in the mountains, grew at least 
700 meters lower in glacial times. Tak· 
en together with the pollen data, this 
conclusion suggested to us that Mera 
was moist during the last ice age but 
was too cool to support a modern kind 
of rain forest. A standard formula sug· 
gests that the temperature in the Ec· 
uadoran foothills was at least 4.5 de· 
grees Celsius cooler than it is today. 
(The formula assumes that in moist 
air the temperature cools six degrees 
Celsius for every 1,000 meters of as· 
cent up a mountain.) 

There was, then, no refuge for 
warmth·loving species in Mera. If the 
temperature depression was wide· 
spread in the Amazon, as seems rea· 
sonable, then other high·lying parts of 
today's rain forest might also have 
been too cold to support rain·forest 
refuges. Given the well·established 
fact that typical rain· forest trees per· 
sisted somewhere in the Amazon ba· 
sin, the data suggest that the rain 
forest was restricted to somewhere in 
the lowest region, where refuge the· 
orists had predicted aridity. If the 
trees did in fact survive only in the 
lowlands, it follows that the lowlands 
were not arid, or at least were not 
uniformly so. 

Obviously more than one data set 
from the ice age and data from the 
coldest part of the period are needed 
before a picture of the ice·age Amazon 
can be reconstructed with confidence. 
Still, the existing evidence suggests 
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that the refuge scenario is no more 
supportable than the notion of imper
turbability that it replaced .. It also sug· 
gests that the rain forest shrinks in 
response to ice·age cooling and ex
pands again during warmer intergla
cial periods, such as the one we are in 
now. In essence we have the inverse of 
the refuge picture: some part of the 
lowlands remains as a relatively warm, 
wet preserve for rain' forest trees and 
the uplands-formerly thought to be 
refuges-become inhospitable. 

What then explains the species 
diversity and the species dis
junctions identified by bioge

ographers? Changes in the climate be
tween glacial and interglacial periods 
may still be important, albeit not in 
the way the refuge theorists predict. 
The migration I propose of rain-forest 
species to higher ground in warm in
terglacial periods such as the present 
one would provide opportunities for 
the formation of novel mixtures of 
species. Populations from the warm 
lowlands of glacial times could then 
become adapted to their new upland 
conditions and diverge from their an
cestors. Perhaps something like that 
happened to the birds and butterflies 
now living in the uplands. 

Another part of the answer certainly 
has to do with the varied climate and 
geography of the Amazon. The game 
of speciation has always been played 
across a huge playing board: the Ama
zon basin is almost the size of the 
continental U.S. All parts of the board 
are superficially alike and indeed have 
some species in common, but the ter
ritory does not hold one monolithic 

ecosystem. Rather, there are large re
gional and local differences in rainfall, 
seasonality, soil and susceptibility to 
flooding, all of which can affect the 
mixture and evolution of species in 
any given area. 

A further explanation for the diver· 
sity is known as the intermediate-dis
turbance hypothesis, put forward by 
Joseph H. Connell of the University of 
California at Santa Barbara and inde· 
pendently by Stephen P. Rubbel, now 
of Princeton University. This hypothe
sis suggests that the highest species 
richness will be found not where the 
climate is stable but rather where en
vironmental disturbance is frequent 
but not excessive. 

The intermediate-disturbance hy· 
pothesis concedes that massive catas
trophes lead to large-scale extinction. 
This is what would happen if asteroids 
struck the earth, as they may have 
done at the time of dinosaur extinc
tion. But lesser and local catastrophes, 
such as storms and flooding, do not 
generally extinguish entire species. 
Instead, by killing some fraction of a 
dominant species, the smaller hazards 
prevent winner-take-all competitions 
from going to their conclusion (extinc
tion for one species) and give initially 
weaker organisms the opportunity to 
establish themselves. 

The effects of intermediate distur
bances can be seen quite readily in 
rain-forest trees. Great gashes and 
succession communities are every
where in the Amazon and other tropi
cal rain forests [see "The Tropical Rain 
Forest," by Paul W. Richards; SCIENTIF
IC AMERICAN, December, 1973]. Wher
ever gaps are cut in the forest by 
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the felling of large, sun-blocking trees 
(such as rubber trees and balsa), vari
ous species of short-lived, sun-loving 
plants, together with their associated 
fauna, populate the gaps. This process 
initiates a series of successions that, 
if they go on undisturbed, culminate 
centuries later in the groupings of gi
ant trees characteristic of mature rain 
forests. The big rain-forest trees ac
tually fall fairly easily because their 
roots are shallow: often half of their 
root mass is in the top 20 centimeters 
of soil. All it takes is a strong push by 
wind or the washing away of topsoil 
at the base of the trees by floods or 
moving streams. �rowing body of data suggests 

that at least throughout the Hol
ocene (and probably through

out history) the Amazon has been per
turbed in one region or another by 
storms, erosion and other forces. In
deed, the Amazon's topography ap
parently changes from century to cen
tury and even from decade to decade. 

Some of what is known about the 
Holocene's history comes from the 
sediment cores my colleagues and I 
obtained from the Ecuadoran lakes 
alluded to above. Our oldest data are 
from lakes in volcanic-explosion cra
ters, the only crater lakes yet known 
in the Amazon. One of these lakes, 
known as Kumpaka in the Shuar lan
guage of the local populace, has mud
dy, oxygen-depleted water typical of 
an Amazon river-fed lake. The other 
lake, Ayauchl, is transparent and blue, 
with oxygen deep in the water. It is 
almost like an alpine lake-a wildly 
exciting and improbable thing to find 
in the jungle. 

Mark B. Bush, a postdoctoral fellow 
in my laboratory, has completed pol
len analyses of the 7,000-year record 
from Ayauchl, finding evidence for 
rain forest throughout most of that 
time, although there was a prolonged 
local drought 4,000 years ago, long 
after the ice age ended. (He also found 
evidence that people had grown maize 
in the vicinity 3,000 years ago-the 
earliest record of maize cultivation in 
the Amazon.) 

Kam-biu Liu, now of Louisiana State 
University, found a different kind of 
history in the Kumpaka sediments. 
These are banded throughout with 
layers of different textures, suggest
ing a history of heavy rainstorms that 
washed sediment in pulses from the 
banks into the lake. In other words 
storms have been remodeling the land 
around Kumpaka for at least the past 
5,000 years. 

Again in the Ecuadoran rain forest, 

but to the north, cores we obtained 
from four lowland lakes abandoned 
by their parent rivers centuries ago 
have also yielded clear evidence of at 
least one extended period of unusual
ly powerful storms and forest pertur
bation in the west. The sediment sam
ples from each lake were topped by a 
layer of gyttja, typical lake mud, first 
laid down some 800 years ago, accord
ing to radiocarbon dating. Beneath 
this layer in all four lakes was river 
sediment that had been deposited 
continuously since about 1,300 years 
ago. The lakes, therefore, were left by 
their parent rivers roughly 800 years 
ago and have not been reentered since. 

We postulate that between 800 and 
1,300 years ago excessive rains in the 
mountains to the west caused massive 
flooding and forced rivers to spread 
back to old, once-abandoned channels 
in the lowlands, which became largely 
inundated. Our pollen analysis of the 
old river mud indicates that early suc
cession forests were present on tem
porary sandbanks that formed when 
the floods, which presumably killed 
mature trees, subsided temporarily. 

Marcia L. Absy of the Amazon Fish
eries Institute in Manaus, Brazil, has 
also found evidence of flooding at the 
appropriate time in lakes of the cen
tral Amazon. Absy cored five varzea 
lakes (which are filled by rivers dur-

ing the wettest seasons and then are 
abandoned to evaporate slowly in the 
driest seasons) from different water
sheds near Manaus, including lakes 
spawned by south-flowing rivers from 
the dry Guiana Highlands, by north
flowing rivers from the Mato Grosso 
and by east-flowing rivers draining the 
Andes of Ecuador and Peru. Her data 
show that only lakes in the path of the 
western drainage hold the flood rec
ord-not those in the paths of the 
north- and south-flowing streams. In 
other words the stormy period was 
a local phenomenon of the west and 
had long-range effects solely on re
gions in the path of the swollen Ama
zon tributaries. 

The western Amazon, then, has been 
disturbed in the Holocene by at least 
one unusually drastic climate change, 
whose effects lasted almost a millen
nium. Doubtless other climatic events 
of equal long-term effect await discov
ery in the turbulent basin. 

On time scales of a few centuries 
the perturbing effects of ero
sion by moving streams are 

particularly evident. Some rivers are 
fast-moving and wear away sediment 
rapidly; others are sluggish but none
theless erode sediment as they move. 
Many rivers flow now through one 
channel, now through another. As they 

NAPO RIVER in Ecuador scours its banks and topples trees. It is one of many rivers 
that constantly rework the topography of the rain forest. The author argues that the 

Amazon ecosystem is adapted to such assaults, which leave survivors, but is not 
adapted to the catastrophe of clear-cutting now being inflicted by human beings. 
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change direction they topple trees in 
their path; they also leave behind sedi
ment ripe for colonization. All are sub
ject to flooding in rainy periods, at 
which time they wash away trees on 
their banks and redecorate the land
scape. The turbid western tributaries 
of the Amazon are particularly active. 
Indeed, various estimates suggest that 
80 percent of suspended solids in the 
lower Amazon comes from the west. 

On the basis of published measures 
of the sediment discharged at the 
mouth of the Amazon River each year, 
my group tried to calculate how fast 
the huge rivers draining the Andes are 
eroding the western region. That is an 
exercise in unsafe extrapolation, but it 
does suggest that many centimeters 
of land surface are lost every century. 
Perhaps half the rooting depth of a 
typical, mature Amazon tree can be 
washed away in less than the tree's 
normal lifetime. 

Jukka S. Salo and his team at the 
University of Turku in Finland, work
ing in the Peruvian Amazon, have ob
tained better evidence of the distur
bance caused by erosion in the west. 
With the help of satellites they have 
constructed maps of different forest 
types, including both early succession 
communities (which typically grow on 
sediment left behind as rivers pro
gressively move their channels) and 
mature communities (which become 
established only centuries after an old 
riverbed has been abandoned). From 
these maps they determined that in 
the past couple of centuries as much 
as a quarter of the Peruvian forest has 
been swept away and rebuilt as new 
communities. 

Rivers also perturb the land on 
smaller time scales. With aerial photo
graphs taken 13 years apart, Salo and 
his group showed that a single small 
river had reworked 3.7 percent of its 
floodplain in these few years; on the 
average, it had eroded 12 meters of 
land per year. 

Most people are not surprised to 
learn that the Amazon forest is dis
turbed by storms, flooding and ero
sion. Few, however, expect a rain for
est to be perturbed by natural fires, 
and yet rain-forest trees apparently do 
burn in the Amazon. Recently Robert 
L .  Sanford of the University of Califor
nia at Berkeley and other investigators 
found layers of charcoal in soil pits in 
southern Venezuela, at the northern 
tip of the Amazon basin. Radiocarbon 
dating showed that some of the sam
ples were 6,000 years old and hence 
were deposited before human beings 
are thought to have entered the re
gion. At least some of the charcoal 
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layers, then, must be products of natu
ral wildfires. 

What would cause such fires? Rain
forest trees can be thought of as wa
ter-cooled energy traps. They spend 
their days absorbing intense solar ra
diation on the huge surface areas of 
their thin, broad leaves, an undertak
ing that is possible only if the trees 
can dissipate heat by evaporating im
mense quantities of water. Sanford 
thinks it possible that in a mere month 
without rain the trees might expend 
all the water within reach of their 
shallow roots, after which their leaves 
would wilt, overheat and be lost. The 
sun could then scorch the litter under 
the leafless trees, enabling spontane
ous combustion or lightning to set the 
dried forest alight. The random prop
erties of weather can be expected to 
produce such a dry spell in the rain 
forest once or twice in a span of sever
al thousand years. 

I t becomes clear that, indeed, the 
Amazon basin has always been a 
place disturbed. In ice ages, if our 

single data set is representative of the 
region, the land apparently cools and 
the forest is displaced. In warmer 
times the Amazon forest is probably 
subject to the kinds of disturbance 
identified from lake-sediment records 
and other records of the Holocene. 
Different places at different times are 
beset by storms, flooding and erosion, 
and they burn in the rare periods 
when no rain falls for days on end. Few 
patches are likely to go undisturbed 
for more than a century or two. The 
result today is a mosaic of gaps, suc
cessions and mature forest-and a 
wonderful assortment of plant and 
animal species. 

What does all of this say about the 
future of the Amazon ecosystem, now 
severely imperiled by humankind? 
The fact that species have accumulat
ed in a place of constant change sug
gests that the fauna and flora can 
tolerate some human activity, if the 
activity is on the order of natural in
termediate disturbances that always 
leave survivors. It must be empha
sized, however, that nothing in the 
history of the Amazon seems to have 
approached the clear-cutting now be
ing inflicted on the system by human 
beings. Such activities are more akin 
to the catastrophic forms of natural 
disturbance that have led to the ex
tinction of vast numbers of species in 
the past. 

Moreover, the larger animals that 
dwell in the rain forest cannot survive 
the devastating effect of modern fire
arms. Indeed, the plant-eating pri-

mates and sloths that graze .in the 
canopy and their flying predators, 
such as the harpy eagle (an engine of 
destruction so powerful that it can 
tear monkeys out of the canopy), are 
desperately vulnerable to shotguns. 
One person with a 16-gauge shotgun 
can remove all the harpy eagles and 
less motile primates within 10 kilome
ters of a camp in a year, and thou
sands of people have done just that. 
Protected preserves are the only hope 
for such animals, and the govern
ments of the Amazon are setting aside 
land for this purpose. The proper size 
for these refuges is now an active area 
of research. 

The trees are another story. The 
contemporary reality is that much of 
the Amazon basin will be turned into 
pasture as people clear the land for 
cattle grazing. The only hope for trees 
and perhaps for other plants and in
sects probably lies in the development 
of wise uses: ways to generate cash 
flow from the remaining forest that 
inflict no more disturbance than the 
rain-forest species are accustomed to. 
Perhaps parts of the forest could be 
set aside for vacation retreats or re
tirement communities or for indus
tries that manufacture products that 
do not require enormous amounts 
of power and would not pollute the 
ecosystem. History does suggest that 
parts of the Amazon can be explOit
ed productively without causing mass 
extinction, but wise use must be the 
overriding theme. 
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Marsupial Frogs 
Some tropical frogs incubate eggs on the mother's back, often 

in a special pouch. Certain features of the adaptation recall pregnancy 
in mammals and the eggs and embryos of birds; others are unique 

Mammals give birth to live 
young and suckle them; birds 
lay eggs and brood them. 

Frogs, being amphibians, deposit their 
eggs in the water and have aquatic 
larvae, tadpoles. As these generaliza
tions suggest, a common reproductive 
mode transcends much of the diversi
ty of body forms within any one class 
of animals, uniting bats with ele
phants, hummingbirds with ostriches. 

In the rain forests and mountains of 
Central America and tropical South 
America live 60-odd species of tree 
frogs that belie this truism. As adults 
these frogs look like other tree frogs, 
and yet their mode of reproduction is 
not at all froglike. Their eggs develop 
not in the water but on the mother's 
back, often inside a special pouch. In 
many species the young emerge as 
fully formed froglets, in others as ad
vanced tadpoles. 

This unusual mode of reproduction 
has called for some remarkable spe
cializations. Protected on the moth
er's back, the embryo can develop at 
a leisurely pace. Prolonged develop
ment in turn means the embryo must 
be supplied with nutrients and able 
to exchange gases and fluids with its 
environment. All of this has required 
changes in the physiology of the 
mother, the structure and molecular 
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characteristics of the egg, and the pat
tern of embryonic development. Many 
of these specializations invite com
parisons between egg-brooding frogs 
and animals that are evolutionarily 
very distant. 

The pouch, of course, recalls the 
pouch of marsupials. The internal 
structure of the frog pouch and the 
hormonal controls that govern incu
bation there parallel the anatomical 
and hormonal apparatus of pregnancy 
in mammals. The large, yolk-filled egg 
looks more b "d- or reptilelike than 
froglike, and so in some respects does 
the embryonic development that un
folds in it'. In still other aspects of their 
reproduction, however, egg-brooding 
frogs are unique-a reminder that the 
parallels with other classes of animals 
are the result not of evolution along 
one line of descent but of evolution
ary convergence, bridging hundreds of 
millions of years of separate history. 

In 1972, when I began to teach at 
the Pontifical Catholic University 
of Ecuador in Quito, the unusual 

reproductive features of egg-brooding 
frogs were known only in outline. For 
me these frogs were no more than a 
textbook curiosity. Soon after moving 
to Quito, however, I discovered that 
one species of marsupial frog, Castro
theca riobambae, lived in the gardens 
of the univerSity. I began studying the 
frog and its reproductive mode, and I 
searched for specimens of other egg
brooding species. 

C. riobambae is one of the few spe
cies of egg-brooding frogs (or any oth
er frogs, for that matter) that have 
conquered the high-mountain envi
ronment of Quito, which lies nearly 
3,000 meters above sea level. Most 
egg-brooding frogs inhabit the canopy 
of tropical forests in lowland Ecuador 
and other parts of South and Central 
America. In studying these species I 
relied on museum specimens and on 
the help of William E. Duellman, Linda 
Trueb, John Simmons and other work-

ers from the Museum of Natural His
tory of the University of Kansas, who 
collected living specimens of the frogs 
and brought them to my laboratory. 

The tropical rain forest, where egg
brooding frogs are the most diverse, is 
probably also where they evolved. It is 
easy to see how selective pressures 
there might have favored the evolu
tion of egg brooding. The large num
ber of frog species in the tropical 
forest creates intense competition for 
breeding sites. (In just three square 
kilometers of forest near Santa Cecilia, 
Ecuador, Duellman and his student 
Martha L. Crump found 81 species 
of frogs, about as many as live in all 
North America!) In addition, numer
ous predators threaten frog eggs and 
larvae exposed in pools and streams. 

As a result many tropical frog spe
cies have adopted new sites for their 
eggs. Some species deposit them on 
leaves above pools and streams; rain 
later washes the newly hatched tad
poles into the water. Other frogs hide 
their eggs under forest-floor litter ; the 
eggs hatch directly into small frogs. 
The more elaborate device of incubat
ing eggs on the mother's back evolved 
in one subfamily of the Hylidae, or tree 
frogs-the Hemiphractinae. 

It is an ancient development. Brian 
E .  Scalan and Linda R .  Maxson of the 
University of Illinois at Urbana-Cham
paign, working with Duellman, have 
traced the evolution of egg-brooding 
tree frogs back in time by comparing 
the amino acid sequences of certain 
proteins in different species. Provided 
the protein sequences have changed 
at a constant rate in the course of evo
lution, the difference between any two 
sequences should be proportional to 
the evolutionary distance between the 
two organisms-the time since they 
last shared a common ancestor. The 
protein comparisons suggest that the 
lineages began to diverge between 40 
and 80 million years ago. Presumably 
egg brooding had already arisen in the 
ancestral lineage. 
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POUCHFUL OF DEVELOPING EMBRYOS has drastically swollen a marsupial frog from Ecuador (top), a green specimen of Gas
trotheca riobambae. After giving birth to some 218 tadpoles 

through the pouch opening, low on her back, the frog has 
reverted to a normal size (bottom)_ The photographs are by 
Charles W. Myers of the American Museum of Natural History. 
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By now there is much diversity 
among the seven genera-including 
about 60 species-of egg-brooding 
frogs. Three of the genera (Stefania, 
Cryptobatrachus and Hemiphractus) 
lack pouches; the eggs adhere to the 
back of the mother, where they de
velop and hatch as small frogs. Four 
other genera (Fritziana, Flectonotus, 
Gastrotheca and Amphignathodon) are 
true marsupial frogs, equipped with 
pouches. I shall focus on reproductive 
features of these pouched species. 

Variations in the design of the 
pouch in different genera suggest that 
it may have originated from longitu
dinal folds of the skin on the back 
In some species of Fritziana, for ex
ample, the developing embryos are 
walled in by the folds but are other
wise exposed. In other species of Fritz
iana and in the genus Flectonotus the 
folds have become flaps that meet at 
the midline of the back, enclosing the 
embryos in a pouch derived from two 
lateral compartments. The pouch has 
grown more elaborate in Amphignath
odon and many species of Gastrothe
ca: it still has two lateral chambers, 
but its opening is now limited to an 
aperture low on the back, just above 
the cloaca (the combined reproduc
tive and excretory opening). The high
mountain species of Gastrotheca (in
cluding G. riobambae) have what may 
be the most advanced form of pouch, 
in which the two lateral chambers are 
joined into one. 

The evolution of the pouch brought 
new reproductive behaviors. Frogs 
copulate while the female is laying 
eggs, which are fertilized as they 
emerge from her cloaca. In most frogs 
the encounter takes place in the water, 
where the eggs will be left. Marsupial 
frogs mate on land, but they face a 
new problem: how to get the eggs 
from the cloaca into the pouch. 

In the three or four species for 
which mating behavior has been ob
served, the male does the transferring. 
During the sexual encounter in G. rio
bambae, for example, the male climbs 
onto the back of the female and opens 
the pouch with his hind feet. As the 
eggs emerge from the female's cloaca, 
one or two of them per minute, the 
male catches each egg with his feet 
and maneuvers it into the pouch; the 
egg is fertilized on the way by sperm 
the male has deposited on the fe
male's back The process continues 
until 130 eggs, on the average, have 
been stowed in the pouch. The female 
then presses her back against a stone 
to work the pouchful of eggs into 
several even layers. 

In many marsupial species several 
months pass before the eggs hatch. In 
order to emerge from the pouch the 
young-advanced tadpoles in Fritzi
ana, Flectonotus and a few species of 
Gastrotheca, and small frogs in other 
cases-again need parental help. A 
female of G. riobambae, for instance, 
deposits newborn tadpoles in pools 

or puddles by clinging to a stone with 
her front legs while twisting her hind 
limbs to reach the pouch opening. She 
extracts the tadpoles one by one with 
her toes, taking two or more days to 
give birth to a full clutch. 

In species that give birth to fully 
formed froglets, the process need not 
occur near water. While they are in the 
pouch the embryos of these frogs de
velop rudimentary versions of many 
features normally seen in tadpoles. By 
the time of birth their metamorpho
sis is complete: they have bypassed 
the aquatic stage. Presumably many of 
these tree frogs can play out their life 
cycle without ever descending from 
the forest canopy. 

The protected environment of the 
pouch allows embryoniC devel
opment to proceed much more 

slowly in marsupial frogs than in spe
cies whose eggs are exposed and vul
nerable. Incubation in G. riobambae, 
for example, lasts between 100 and 
120 days, in contrast to the day and a 
half it takes for aquatic eggs to hatch 
in Xenopus laevis (the African clawed 
frog), a species that is a good point of 
comparison because it has been thor
oughly studied. How is the egg sus
tained through its long incubation? A 
frog embryo that hatches into a free
living tadpole within a few days does 
not need special mechanisms for ex
changing gases, fluids and other sub
stances with the environment. In a 
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EGG-BROODING FROGS, the Hemiphractinae, are a subfamily of 
the tree frogs, the family Hylidae. Based on comparisons of the 
egg-brooding frogs' proteins and reproductive features, Wil
liam E. Duelbnan of the Museum of Natural History of the 
University of Kansas and Richard J. Wassersug of Dalhousie 
University in Nova Scotia proposed the evolutionary relation-
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ships shown here. Three of the seven genera lack pouches; the 
developing embryos simply adhere to the mother's back. The 
genera are also distinguished by whether the embryos are 
born as fully formed froglets or as advanced tadpoles (small 
drawings).ln one genus-Gastrotheca-the form at birth varies 
among the individual species. Frogs are not drawn to scale. 
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UNIQUE REPRODUCTIVE BEHAVIOR accompanies egg brooding. 
During the sexual encounter in one pouched species, Gastro
theca riobambae, the female lays eggs while the male clasps 
her from behind and inserts his toes into the pouch (left). As 
the eggs emerge one by one from the female's uplifted cloaca, 
the male maneuvers them into the pouch; the eggs are ferti· 

lized by sperm he has previously deposited on the female's 
back. Over several hours, 100 or more eggs are transferred. 
Embryonic development takes more than three months, leav
ing the female so swollen that her movements are hampered 
(middle). She gives birth in the water, inserting the toes of her 
hind limbs into the pouch to help release the tadpoles (right). 

marsupial frog, however, one would 
expect both mother and embryo to be 
equipped for such exchanges. 

Between breeding seasons, when the 
pouch is empty, its interior resembles 
ordinary frog skin. During incubation, 
however, the walls develop a thin lin
ing that is richly supplied with blood 
vessels. This pouch lining-which is 
sloughed off after the eggs hatch
conforms to the shape of the eggs, 
forming an individual chamber for 
each one. Within each egg chamber the 
embryo is surrounded by a vascular 
membrane of its own: a specialized set 
of gills called bell gills. 

Bell gills, unknown in other frog spe
cies, develop after several weeks of 
incubation. Beginning as films of tis
sue extending from each side of the 
embryo's head, in some species they 
merge and envelop the embryo com
pletely, forming a fluid-filled sac in 
which the embryo floats. At birth the 
bell gills are either resorbed or shed. 

Thus the mother and the embryos in 
her pouch are in intimate physiologi
cal contact. Only the egg's capsule of 
jelly separates the lining of the egg 
chamber from the embryo's bell gills, 
and in marsupial frogs the jelly lay
er is exceptionally thin. Whereas sev
eral millimeters of jelly surrounds the 
eggs of other frogs, the jelly on marsu
pial-frog eggs can be 1,000 times thin
ner-as thin as several microns. 

In several respects this arrangement 
resembles pregnancy in mammals. 
The fluid-filled chamber in which the 
embryo develops is reminiscent of the 
sac of amniotic fluid that surrounds 
mammalian embryos. What is more im
portant, the intimate contact between 
the blood supplies of the mother and 
the embryo through the juxtaposed 
membranes recalls the role of the 
mammalian placenta, the organ that 
couples the circulation of the moth-

er and the embryo during pregnancy. 
The placenta enables mother and 

embryo to exchange gases, fluids, nu
trients and wastes. Presumably, simi
lar traffic takes place between the two 
membranes in marsupial frogs. To see 
just what the embryos gain from the 
mother, Bertha Escobar and I weighed 
embryos taken from specimens of G. 
riobambae at various stages of incu
bation. The wet weight of the embryos 
increased threefold over the course 
of incubation, but their dry weight 
stayed relatively constant. It appeared 
that they had gained water and per
haps exchanged gases with the moth
er, but the nutrients sustaining devel
opment must have come mostly from 
the embryos' own stores of yolk. 

What hormonal triggers pre
pare the pouch for incuba
tion? In answering this ques

tion my colleagues Carmen de Albuja, 
Margarita Campos and I came on fur
ther parallels between incubation in 
egg-brooding frogs and pregnancy in 
mammals. In mammals several hor
mones take part in readying the uter
us for pregnancy. Hormones called 
gonadotropins are released by the pi
tuitary gland and stimulate the ovar
ian follicle, a capsule of cells that 
surrounds the growing oocyte (the 
cell that gives rise to the egg). In re
sponse the follicle liberates hormones 
of its own: estrogens and progester
one, which cause the lining of the 
uterus to thicken in preparation for 
receiving a fertilized egg. 

In most frogs a similar two-stage 
hormonal mechanism exists, but its 
main effect is to trigger the growth 
and maturation of oocytes. Gonado
tropins stimulate follicles in the ova
ry to release estrogens and proges
terone; the progesterone induces the 
series of cellular changes that trans-

forms an oocyte into an egg. In egg
brooding frogs, we found, this hormo
nal apparatus has taken on the addi
tional function of preparing the pouch 
for incubation. 

One requisite preliminary can be 
seen in G. riobambae and other mar
supial species as the breeding season 
approaches. Most of the year the open
ing of the pouch is dilated, but as 
the female prepares for reproduction 
the aperture constricts. The pouch re
mains closed through incubation, ena
bling it to retain the embryos until the 
tadpoles or frogs are born. 

The hormonal control of pouch clo
sure can be dissected by injecting 
individual hormones and observing 
their effects. If a frog is given an injec
tion of gonadotropin, the pouch will 
close only if the ovaries contain large 
follicles. In contrast, a single injection 
of progesterone will cause the pouch 
to close within 24 hours, regardless 
of the follicle size. Apparently it is 
progesterone from the follicles that 
is directly responsible for triggering 
pouch closure; gonadotropins merely 
stimulate progesterone's release. 

The development of the egg cham
bers, which envelop each embryo in 
a vascular membrane, also seems to 
be driven by progesterone. If plastic 
beads with the same diameter as em
bryos are placed in the pouch of a 
female when she is not incubating, the 
beads are ordinarily expelled within a 
few hours. If the frog is given proges
terone at the same time as the beads 
are placed in her pouch, however, the 
pouch closes over the beads and they 
become encased in vascular egg cham
bers. The false embryos are retained 
for as long as a week. 

By the time of incubation the folli
cles have already ruptured and re
leased their eggs. What, then, is the 
source of the progesterone that fos-
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MornER AND EMBRYOS of egg-brooding frogs are in intimate 
contact. The shape of the pouch or the area of the back to 
which the eggs adhere is shown for each genus (left); verti
cal sections (middle) reveal the relation between the mother 
and the embryos. A richly vascular membrane (purple) enfolds 
each egg, separated only by a thin layer of egg jelly (blue) from 
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the embryo's own vascular membranes, called bell gills (red). 
The form of the gills varies; in some genera they cover the 
embryo completely (right). In marsupial frogs the close com
munication between mother's tissues and embryo's bell gills 
enables them to exchange gases and fluids, just as mother 
and embryo communicate through the placenta in mammals. 
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ters the growth of egg chambers? In 
the early stages of pregnancy in mam
mals the empty follicle continues to 
make progesterone even after the re
lease of the egg, thereby stimulating 
the development of the uterine wall. In 
most frogs, postovulatory follicles re
main in the ovaries for less than a 
week and are not thought to have a 
hormonal role. Yet in G. riobambae 
empty follicles stay in the ovaries for 
more than a month, throughout the 
first third of incubation. 

To find out whether these postovu
latory follicles are the progesterone 
source, Grace Sanchez and I removed 
the ovaries (and with them any post
ovulatory follicles) from frogs that 
were incubating eggs. Removal of the 
ovaries during the first few weeks of 
incubation resulted in abortion: the 
partially developed embryos were ex
pelled from the pouch within 15 to 30 
days. Removal of the ovaries at a later 
stage of incubation had no effect. At 
least in its early stages, then, incuba
tion in egg-brooding frogs seems to 
have hormonal underpinnings similar 
to those of pregnancy in mammals. 

It may be that the parallels continue 
later in incubation. Hormonal support 
for the later stages of pregnancy in 
mammals comes from the placenta 
itself, which secretes gonadotropins, 
progesterone and other hormones. 
Perhaps the bell gills and pouch cham
bers in marsupial frogs play an analo
gous role, by releaSing hormones that 
sustain advanced incubation. 

I have sketched the adaptations 
that make it possible for the moth
er frog to brood the eggs internally. 

What has this prolonged incubation in 
the mother's body meant for the eggs 
of marsupial frogs? 

Internal incubation and the leisurely 
embryonic development it makes pos
sible have one obvious consequence 
in egg-brooding species: the eggs are 
exceptionally large and well stocked 
with yolk, more like the eggs of birds 
and reptiles than like the eggs of oth
er frogs. The eggs of one egg-brood
ing species, Gastrotheca corn uta, are 
a centimeter across, and diameters of 
half a centimeter are common, in con
trast to just over a millimeter in Xeno
pus, for example. The stores of yolk, 
fats and carbohydrates that account 
for the large size sustain the embryo 
during its long sojourn in the pouch. 

A second contrast between more 
conventional frog eggs and ones that 
develop in the mother's pouch is hid
den in the molecular machinery of the 
oocyte, the precursor cell. The rapid 
development that characterizes most 
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SERIES OF HORMONES regulates reproduction in marsupial frogs, according to work 
by the author and her colleagues. They believe gonadotropins released by the pitu
itary gland, at the base of the brain, act in the ovary by stimulating the follicle, the 
cells surrounding the oocyte (the egg's precursor cell). In response the follicle re
leases progesterone, which stimulates the maturation of the oocyte and also caus
es the opening of the pouch to constrict. After the egg has been released from the 
ovary the empty, postovulatory follicle may continue to make progesterone, which 
triggers the development of the vascular chambers surrounding the embryos in the 
pouch. A similar hormonal apparatus readies the uterus for pregnancy in mammals. 

frog embryos demands rapid synthe
sis of proteins, the building blocks of 
body tissues. A molecular feature of 
most frog oocytes in effect gives them 
a jump on protein synthesis: the pres
ence of large amounts of ribosomal 
RNA, or rRNA, as well as of other kinds 
of RNA molecules. 

Ribosomal RNA is a key structural 
element in ribosomes, the cell orga
nelles in which protein synthesis 
takes place. The large supply of rRNA 
in an oocyte of most frogs-some 
200,000 times the amount in an ordi
nary cell of the frog's body-means 
that the cells of the embryo do not 
need to synthesize it themselves be
fore making proteins, and the vulner
able embryo can develop and hatch 
quickly. Mammals, in contrast, whose 
embryo is protected in its mother's 
body and can develop slowly, store 
little rRNA in their oocytes. 

The high levels of rRNA reflect proc
esses in the frog oocyte's nucleus. Ri
bosomal RNA, like the other kinds of 
RNA in cells, is copied from the DNA of 
genes in the nucleus. Frog oocytes can 
accumulate high levels of rRNA be
cause their ribosomal genes have been 
amplified, or duplicated many times. 
The oocyte of Xenopus, for instance, 

contains about two million copies of 
the ribosomal DNA, or rDNA. These 
genes do not reside on the chromo
somes with the rest of the cell's genes 
but are segregated within the nucleus 
in compartments known as nucleoli
more than 1,000 of them in the nucle
us of a full-grown Xenopus oocyte. 

One measure of the rapid devel
opment that the enormous quantity 
of rRNA accumulated in the oocyte 
makes possible is the timing of gas
trulation. Gastrulation is the stage in 
embryonic development at which the 
early embryo, a simple sphere of cells, 
folds in on itself to produce a new, 
double-layered sphere surrounding a 
cavity that is the precursor of the gut. 
In Xenopus gastrulation takes place 
only 14 hours after fertilization. 

In G. riobambae, our benchmark 
egg-brooding frog, the lag is 14 days. I 
wondered whether this slower devel
opment reflects a lower level of ribo
somal-gene amplification and a lower 
content of rRNA. The appearance of 
Gastrotheca oocytes suggested that it 
does. Michael F. Trendelenburg of the 
German Cancer Research Center in 
Heidelberg and I counted fewer than 
300 nucleoli in oocytes of G. riobam
bae-perhaps a fourth of the number 
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EARLY EMBRYONIC DEVELOPMENT in the marsupial frog Gas
trotheca riobambae has birdlike features_ The diagrams, which 
compare stages in the development of Gastrotheca (middle) with 
the same stages in Xenopus laevis (left), a frog that reproduces 
conventionally, and in the chicken (right), are not all drawn 
to scale; the Xenopus embryo is one third the size of the Gastro
theca embryo_ In Xenopus the initial cell divisions (1) produce 
a hollow sphere of cells, the blastula (2), which folds in on it
self in a process called gastrulation: large, yolk-laden cells 
(yellow) from one end of the embryo invade the interior, and 
yolk-poor cells (blue) from the other end migrate to cover the 

116 SCIENTIFIC AMERICAN May 1989 

BELL-GILL 

PRECURSORS 

PRIMITIVE STREAK 

-- � . ,. -. 

embryo's surface. A new hollow, the primitive gut, is thereby 
created (3). The entire embryo goes into forming the body (4). 
In the large, yolk-filled egg of the chicken only a small disk of 
cells on the surface of the yolk mass undergoes gastrulation 
and gives rise to the body. In Gastrotheca early development 
departs from the usual frog pattern. The entire embryo takes 
part in gastrulation, as in Xenopus. Probably because of the 
embryo's large size and high yolk content, however, the cells 
taking part in later development become concentrated on one 
side, in a disk surrounding a small primitive gut. As in the 
chicken, the body takes form on the surface of a yolk mass. 
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in Xenopus oocytes. One would expect 
the smaller number to signal a lower 
level of ribosomal-gene amplification 
and hence a smaller supply of rRNA. 

We turned to molecular means to 
measure the level of ribosomal-gene 
amplification in Gastrotheca oocytes. 
Christine Dreyer of the Max Planck 
Institute for Developmental Biolo
gy in Tubingen and I exposed the 00-
cytes to a probe consisting of cloned 
rDNA from Xenopus. ( Single-strand 
DNA from one organism can bind to 
and identify corresponding sequences 
in the DNA or RNA of other organ
isms.) The probe detected little rDNA. 

To find out whether the low level of 
gene amplification indeed results in a 
smaller stock of rRNA, Peter Hausen of 
Tubingen and I applied a stain specific 
for RNA to oocyte sections. The stain
ing was faint in Gastrotheca, vivid in 
Xenopus. By isolating RNA from the 
oocytes and then applying an rDNA 
probe, Herbert Steinbeisser and Ans
gar Hofmann of the German Cancer 
Research Center and I measured the 
rRNA content directly. We found that 
Gastrotheca oocytes do contain much 
less rRNA than oocytes of Xenopus. 

E ven at the molecular level, then, 
certain developmental features 
of marsupial frogs are not frog

like but are like those of mammals. 
Early in my studies, however, I had 
discovered a feature of some marsupi
al-frog oocytes that is practically un
known not only in other frogs but also 
in other vertebrates generally. In 1976 
the late Scott J, Maness of the Rancho 
Grande Biological Station in Venezuela 
introduced me to the fascinating mar
supial frog Flectonotus pygmaeus. No 
more than an inch long, this inhabi
tant of the rain-forest canopy incu
bates between five and 11 eggs in its 
pouch and gives birth to tadpoles, 
which it deposits in the pools of rain
water that collect in arboreal plants. 

The remarkable aspect of Flectono
tus was revealed when I opened one of 
its oocytes under the microscope. In
stead of a single nucleus, thousands 
of spherical structures spilled out. By 
examining the structures and study
ing their biochemical activity, my for
mer professor Asa A. Humphries, Jr., 
then at Emory University, and I posi
tively identified them as active oocyte 
nuclei. We counted an average of 2,000 
nuclei in each oocyte! At the time only 
one other vertebrate, the tailed frog 
of North America, was known to have 
more than a single nucleus per oocyte, 
and it has just eight. What purpose 
could so many nuclei serve? 

A clue lay in the rapid development 

COPERNICUS And MARS: New Questar 
Photographs Of Old Favorites 
Hugh Entrop, whose photographs 
we have published many times in our 
literature, photographed Mars with 
his Questar 7 on October 6, in cen
tral Washington at an elevation of 
4400 feet. Entrop describes the 
night as quiet, no air stirring at 
that elevation but the upper air 
"pretty bumpy:' 

He experimented with three films, 
Ektachrome 200, Kodachrome 64 and 
Fujichrome 100. His best results were 
with Fujichrome and Kodachrome 
and we reproduce here a black and 
white photograph made from the 
Fuji 100, which means that what you 
see here is several processes removed 
from the original 35 mm. slide. On 
the original the image of Mars was 
%,", yet the following features are 
clearly visible on the film and, 
hopefully, in the magazine reproduc
tion: South Polar Cap positioned at 
one o'clock on the disk, Mare 
Chronium to die left, Mare Cim
merium, Hesperia and Mare Tyr
rhenum in the central portion, North 

Polar Hood at 7 o'clock with Sithonius 
to the left, Syrtis Major near 5 o'clock, 
and HeUas near the edge midway back 
to the South Pole Cap. 

The moon photo was taken with 
the Questar 3% from Entrop's back
yard in Seattle and shows a very differ
ent view of Copernicus from others in 
our collection. The crater is right 
on the terminator with the dark 
shadow providing a dramatic back
drop and sunlight sharply delineat
ing the peaks rising from the crater 
floor. 

Entrop always comments on the 
stability and accurate guiding of the 
Questars, even in a brisk wind which 
he encounters many times in his 
photographic locations. He says he 
sometimes gets his best shots of galax
ies and nebulae in areas that are 
exposed to sudden mountain squalls 
and gusting winds, in spite of which 
the Questar keeps guiding steadily 
along. 

A telescope which is so easy to 
set up and use, and can resolve de
tail worthy of the performance of a 
great observatory telescope, could 
enhance your own observing plea
sure. Why don't you move up to 
Questar? © Copyright 1988 Questar Corporation. 
QUESTAR, THE WORLD'S FINEST, MOST VER
SATILE TELESCOPE, IS DESCRIBED IN OUR 
COLOR BROCHURE WITH PHOTOGRAPHS BY 
QUESTAR OWNERS. PLEASE SEND $3 TO 
COVER MAILING COSTS ON THIS CONTI
NENT, BY AIR TO S. AMERICA $4.50, EUROPE 
AND N. AFRICA $5, ELSEWHERE $5.50. 

QUESTAR 
P.O. Box 59, Dept. 220, New Hope, PA 18938 
(215) 862-5277 
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XENOPUS GASTROTHECA MOUSE FLECTONOTUS 

oomE � c:) � 
111 1 

SEVEN·HOUR (1\ 0 CD EMBRYO � 
LEVEL OF RIBOSOMAL RNA (blue) in the oocyte is correlated with the speed of 
embryonic development. In Xenopus, a frog with aquatic eggs, rRNA is abundant be
cause the ribosomal genes have been amplified (red), and the vulnerable embryo 
develops rapidly. Seven hours after fertilization it has already divided into some 
4,000 cells. In the marsupial frog Gastrotheca, as in mammals such as the mouse, 
development can be leisurely because the embryo is protected. The level of rRNA is 
low, reflecting little or no ribosomal·gene amplification; after seven hours the em
bryo still has only one or two cells. In some egg-brooding frogs, such as Flecto
notus, the oocyte has many nuclei, which add more rRNA and speed development. 

of Flectonotus embryos. The embryos 
are incubated for only 20 days, and 
the tadpoles develop into frogs after 
11 more days. This accelerated devel
opment presumably requires a large 
stock of rRNA. It is conceivable that 
Flectonotus is descended from a typi
cal egg-brooding species, in which em
bryonic development had slowed and 
the amplification of ribosomal genes 
had been reduced. Faster development 
might have been favored by Flectono
tus'small size and shortened life span. 
The incorporation of thousands of nu
clei into each oocyte, each nucleus 
having limited amplification of the ri
bosomal genes, was the evolutionary 
answer to the need for more rRNA. 
The strategy was effective, as Herbert 
C. Macgregor of the University of Lei
cester and I discovered by measuring 
the overall level of amplification. 

It turned out that-unusual as they 
are in other organisms-multinucleat
ed oocytes are quite common among 
egg-brooding tree frogs: we found 
them in 14 of the 36 species we ex
amined. In each case the adaptation 
presumably arose in response to an 
environmental pressure that favored 
faster embryonic development. Yet the 
feature raises many questions. For ex
ample, as a multinucleated oocyte de
velops in the ovary, the number of 
nuclei drops precipitously until there 
remains only one, which will unite 
with the nucleus of the sperm during 
fertilization. How is this purge of nu-
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clei controlled? How can one nucleus 
among thousands be spared? 

Whether it develops from an 
oocyte with one nucleus or 
many, the egg of a marsupial 

frog is structurally and molecularly 
distinctive. One might expect these 
differences to affect the pattern of 
embryonic development-the chore
ography of cell growth and movement 
that begins once the egg is fertilized 
and transferred to the pouch. Richard 
P. Elinson of the University of Toronto 
and I studied early embryonic devel
opment in Gastrotheca. Here too we 
found departures from the usual pat
tern in frogs and resemblances to the 
pattern in other animals, specifically 
birds and reptiles. 

Striking anomalies appear at gas
trulation, when the primitive embryo 
folds inward and cells from one side 
of the sphere migrate around to cover 
the resulting hollow-the primitive 
gut. In most frog embryos the primi
tive gut extends through much of the 
gastrula. Thus the original body plan 
and later embryoniC development in
volve the entire embryo. In birds and 
reptiles, however, the large quantity of 
yolk that fills the early embryo re
stricts gastrulation. Only a small disk 
of cells concentrated on one side of 
the egg takes part in the movements 
that establish the primitive gut, and 
only those cells go on to form the 
body. The rest of the embryo consists 

of a large, undivided yolk mass. that is 
used up by the developing embryo. 

Elinson and I found that in egg
brooding frogs, as in other frogs, the 
entire embryo takes part in gastrula
tion: beginning at one end, small cells 
containing little yolk work their way 
around to create a new cell layer cov
ering the entire mass. The infolding 
that normally takes place during gas
trulation is limited, however, and the 
primitive gut it creates is confined to a 
small cavity at one end of the embryo. 
Only the disk of cells surrounding this 
small primitive gut engages directly 
in later embryonic development. The 
developing embryo is splayed on one 
side of a large yolk mass, like the early 
embryos of birds and reptiles. 

H undreds of millions of years 
of evolution separate mar
supial frogs from the fully 

terrestrial animals-mammals, birds 
and reptiles-with which I have com
pared them. And yet the frogs have 
come up with many similar answers 
to the adaptive challenge of reproduc
ing on land. It is amusing to spec
ulate about the evolutionary poten
tial of egg-brooding tree frogs : Could 
they in time give rise to a completely 
new class of terrestrial vertebrates? It 
would not be the first time amphibi
ans had conquered the land : mam
mals, birds and reptiles can all trace 
their ancestry to ancient amphibians. 

Yet it is more likely that for many 
egg-brooding species, at least, the evo
lutionary adventure is ending. Their 
habitat, the tropical forest, is vanish
ing, taking with it many unusual crea
tures that inhabit the canopy. The less 
known species of egg-brooding tree 
frogs may be swept away before their 
secrets are fully revealed. 

FURTHER READING 
Mill TIPLE NUCLEI DURING EARLy OOGENE

SIS IN FLECTONOTUS PYGMAEUS AND 
OTHER MARSUPIAL FROGS. Eugenia M. 
del Pino and A. A. Humphries, Jr., in 
The Biological Bulletin, VoL 154, No.2, 
pages 198-212; April, 1978. 

A NOVEL DEVELOPMENT PATIERN FOR 
FROGS: GASTRULATION PRODUCES AN 
EMBRYONIC DISK. Eugenia M. del Pino 
and Richard P. Elinson in Nature, VoL 
306, No. 5943, pages 589-59 1; Decem
ber 8, 1983. 

OOGENESIS IN THE EGG-BROODING FROG 
GASTROTHECA RIOBAMBAE PRODUCES 
lARGE OOCYTES WITH FEWER NUCLEOLI 
AND Low RNA CONTENT IN COMPARlSON 
TO XENOPUS IAEVIS. E. M. del Pino, 
R Steinbeisser, A. Hofmann, C. Dreyer, 
M. Campos and M. F. Trendelenburg in 
Differentiation, VoL 32, pages 24-33; 
1986. 
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It may not seem as 
though 72¢ will go very 

far these days. But for a 
small child like this, it can 
lead her out of desperate 

poverty and into a future of hope. 
And right now, you can reach out and 

make that future happen ... by sponsoring one child 
overseas through Foster Parents Plan. 
For only 72¢ a day, you can make it possible for your 
Foster Child and family to have adequate food 
and clothing, a decent place to live, needed medical 
care, education ... and the chance for a better lifo. 
Because while you're helping, the child's own fam
ily will be working with Foster Parents Plan to 
develop the skills and resources they need to 
help themselves. 

You'll be amazed at the difference you can make. 
And you'll see the difference for yoursel( 
In photographs. Detailed progress reports. And 
heartwarming letters from your Foster Child. You'll 
be doing so much for that child ... and for so little. 

Won't you help now? Simply mail the coupon today 
or call toll-free. It could be the biggest break a child 
ever got. 

W Foster Parents Plan,. 
Help so complete, it touches a child for life. 

Founded in 1937, Foster Parents Plan is the leader in combining family 
assistance programs, community development, and personal commu
nications between Foster Parent and Foster Child. These comprehen
sive programs provide long-term solutions to the unique problems 
facing Foster Children and their families. As a non-profit, non-sectarian 
and non-political organization, we depend on Foster Parents to make 
our work possible. A copy of our financial report, filed with the New York 
Depar tment of State, is available on request. Your sponsorship is 
tax -deductible. 

To start helping even faster, call toll-free: 

1-800-543-2400 
r,-------------------. Send to: 

Foster Parents Plan, Inc. 
P.O. Box 877, Dept. KI Providence, RI 02901 
I want to become a Foster Parent to: 
o The child who has been waiting the longest, or as 

indicated: 
o Boy 0 Girl 0 Either 
o Any age 0 6-8 0 9-11 0 12-14 
o Bolivia 0 Guatemala 0 Kenya 0 Philippines 
o Burkina Faso 0 Honduras 0 Liberia 0 Sri Lanka 
o Colombia 0 India 0 Mali 0 Sudan 
o Ecuador 0 Indonesia 0 Nepal 0 Thailand 

� 0 Enclosed is a check for $22 for my first month's sponsorship 
'3 of my Foster Child. Please send me a photograph. case history. 
� and complete Foster Parents Sponsorship Kit. 
'""'-� o I am not y et sure if I want to become a Foster Parent. but I 
'3 am interested. Please send me information about the child 
"'§ Io 0; 
C "0 

I would be sponsoring. 
o Mr. 0 Mrs. 
o Miss 0 Ms. 

iii Address Apt. # ..r::. 
� I City State Zip J 366 I 
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Optical Fibers in Medicine 
Instruments to view internal anatomy plainly, sensors 

to analyze blood reliably and laser systems to perform surgery 
inside the body safely-all rely on fiber-optic technologies 

Aoptical fibers transform com
munication, they are also revo

lutionizing imaging, diagnosis 
and therapy in medicine. These ultra
thin, flexible fibers have opened a win
dow into the living tissues of the hu
man body. By inserting optical fibers 
through natural openings or small in
cisions and threading them along the 
body's established pathways, physi
cians can peer into the airways of the 
lungs, the folds of the intestine, the 
chambers of the heart and many other 
areas that were previously inaccessi
ble. By placing fiber-optic sensors in 
the bloodstream, physicians can do 
rapid, reliable chemical analyses at 
the bedside, in the examining room or 
in the operating room-analyses that 
otherwise involve taking blood sam
ples from patients for examination in 
laboratories. By directing a beam of 
laser light down an optical fiber, phy
sicians can even perform surgery in
side the body, sometimes eliminat
ing the need for invasive procedures 
in which healthy tissue must be cut 
through to reach the site of disease. 

By delivering laser light through 
optical fibers, for example, gastroen
terologists have cauterized vessels to 
stop intestinal bleeding, vascular sur-

ABRAHAM KATZIR is professor of 
physics and director of the applied 
physics group at Tel Aviv University in 
Israel. He received B.Sc. , M.Sc. and Ph.D. 
degrees from the Hebrew University of 
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a visiting scientist at the California Insti
tute of Technology, at the AT&T Bell 
Laboratories and as a visiting professor 
at Boston University and the Massachu
setts Institute of Technology. His group 
at Tel Aviv develops infrared optical 
fibers and systems for medical and in
dustrial applications. His father, the late 
Aharon Katzir-Katchalsky, and S. Lifson 
wrote "Muscle as a Machine" for SCIEN
TIFIC AMERICAN in March, 1954. Follow
ing his family's tradition, Katzir has 
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by Abraham Katzir 

geons have begun to vaporize plaque 
and blood clots in peripheral arteries, 
and neurosurgeons may soon bond 
nerves together in the brain and spinal 
cord. Fiber-optic devices may soon 
combine diagnosis and treatment
for instance by incorporating both a 
means of detecting cancer cells and a 
means of destroying the cancer with
out damaging nearby healthy tissue. 

Many fiber-optic procedures for di
agnosis and treatment do not require 
anesthesia and can be performed safe
ly in a physician's office; the continued 
development of fiber-optic techniques 
should therefore reduce the risk and 
cost of medical care. Fiber-optic pro
cedures may also be applied in cases 
where invasive surgery is dangerous 
or impossible, as it sometimes is in 
the young or the elderly. 

The first medical applications of 
optical fibers were imaging sys
tems, called fiberscopes. Basil!. 

Hirschowitz and Lawrence Curtis of 
the University of Michigan School of 
Medicine constructed the first fiber
scope, meant for viewing the stomach 
and esophagus, in 1957. Since then 
the devices have been so refined that 
they can be used to inspect virtually 
every organ system of the body. In
deed, most of the optical fibers used 
in medicine are incorporated into 
fibers copes. The modern fiberscope 
consists of two bundles of optical 
fibers. One, the illuminating bundle, 
carries light to the tissues, and the 
other, the imaging bundle, transmits 
the image to the observer. 

The illuminating bundle is coupled 
to a high-intensity light source such 
as a xenon arc lamp. Light enters the 
cores of the fibers, which are made of 
high-purity silica glass. Such glass at
tenuates light 10,000 times less than 
a windowpane and so can carry light 
over a distance of many kilometers. 
Because light tends to stray from the 
core, the core is wrapped in a cladding 
that reflects most of the stray light 

back into the core. This is the mecha
nism by which light is guided through 
all optical fibers [see "Communication 
by Optical Fiber," by]. S. Cook; SCIEN
TIFIC AMERICAN, November, 1973). 

A lens collects the light that is re
flected off tissue and focuses it onto 
the receiving end of the imaging bun
dle. Each optical fiber in this bundle 
admits only the reflected light that is 
aligned with its axis, and so each fiber 
transmits only a small fraction of the 
total image. The fibers are glued to
gether just at the ends to allow flex
ibility and yet avoid scrambling the 
image. The reconstructed image can 
be viewed through an eyepiece, re
corded by a camera or displayed on 
a television screen. Since thousands 
of fibers can be combined in a single 
bundle with a diameter of less than a 
millimeter, a fiberscope can carry im
ages that have high spatial resolution 
and virtually perfect chromaticity. 

The illuminating and imaging bun
dles can easily fit in a catheter a few 
millimeters in diameter. This fiber
scope can then be inserted through 
orifices in the body and brought to 
focus on tissues at distances of from 
five to 100 millimeters from the tip. 

Fiberscopes are often part of larger 
instruments, called endoscopes, that 
include ancillary channels through 
which physicians can perform other 
tasks. Through one channel, for exam
ple, fluids can be drawn or water or air 
injected to clear debris away, thereby 
imprOving visibility. Another channel 
may contain fine wires that can be 
manipulated to angle the endoscope's 
tip. A third may make it possible to 
insert tiny scalpels for cutting tissue 
or snares for removing it or needles 
for injecting drugs. Most endoscopes 
on the market are from .3 meter to 1.2 
meters in length and from 2.5 to 15 
millimeters in diameter. 

With these devices physicians can 
gain intimate views of the digestive, 
reproductive, circulatory and respira
tory systems. They can remove small 
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OPTICAL FIBERS can deliver beams of laser light into the 
coronary arteries to vaporize plaque. One device that may be 
developed in the near future consists of a fiberscope, infla· 
tion cuff and power fiber. A physician would insert the device 

into the brachial artery of the arm and direct it into the coro· 

nary artery. The fiberscope would enable the physician to see 
plaque or other blockages (inset at bottom). The cuff could then 
be inflated to stop the blood flow temporarily; a beam of laser 
light sent through the power fiber would vaporize the plaque. 
Deflating the cuff would then reestablish the flow of blood. 

SCIENTIFIC AMERICAN May 1989 12 1 
© 1989 SCIENTIFIC AMERICAN, INC



samples of tissue for laboratory anal
ysis and even perform surgery. Peer
ing through fiberscopes, physicians 
can detect a polyp in the colon, a 
foreign object in the lungs or a tumor 
in the esophagus and then remove it 
with miniature surgical instruments. 

During the past five years the fab
rication of ultrathin fibers has led 
to a reduction in fiberscope diame
ter and an increase in the number 
of fibers within the imaging bundle, 
which in turn has increased resolu
tion. The newest fiberscopes incorpo
rate 10,000 fibers in a bundle less than 
one millimeter in diameter and can re
solve objects 70 microns across. These 
fiberscopes, inserted through an ar
tery in the arm, can convey images of 
heart valves as well as obstructions 
in the coronary arteries, the vessels 
that carry blood to the heart. 

In addition to providing images op
tical-fiber systems can offer direct 
and immediate chemical and phys

ical analysis of the blood and other 

LAMP 

aspects of human physiology. The ba
sic sensing system consists of an opti
cal fiber inserted through a catheter 
into the body. The external end of the 
fiber is coupled to a light source and 
an optical processor, a device for ana
lyzing the reflected light. The other 
end of the fiber sends light directly 
into the body or to a miniature sensor 
called an optode. The reflected light is 
carried back through the fiber to the 
processor, which extracts information 
about physiological conditions from 
the wavelength and intensity of the 
reflected light. 

In many cases these fiber systems 
may be more sensitive, reliable and 
cost-effective than traditional meth
ods, in which fluids are drawn from 
the body and tested in the labora
tory. The fiber systems eliminate de
lays and reduce the chance of error. 
Furthermore, the fiber-optic sensors 
are compatible with body chemistry 
(for example, they will not provoke a 
response from the immune system), 
and in principle the optical fiber itself 

FIBERSCOPE (above) can convey images of the stomach and 
many other organs. A lens focuses light from a lamp onto a 
bundle of optical fibers. The light transmitted through the fi
bers illuminates a polyp in the stomach. An objective lens fo

cuses the light that reflects off the polyp onto an ordered 

bundle of fibers. Each fiber carries a fraction of the total image. 

As the fibers of the ordered bundle release their light from 
their external end, the image is reformed and may be viewed 

through an eyepiece. The photographs of the polyp (insets 
above) were taken through fiberscopes at the Mayo Clinic. Fi
berscopes are often incorporated into larger devices called en
doscopes (right), which include channels through which other 
instruments can be passed. Here tissue in a bronchial tube is 
illuminated for viewing while the tissue is removed by means 
of a surgical instrument inserted through the endoscope. 
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may be disposable. Fiber systems also 
appear to be more durable, flexible 
and potentially safer than the micro
electronic devices that have also been 
developed to collect data from within 
the body. Some of the fiber-optic de
vices are already available on the mar
ket, whereas many other devices are 
being tested in clinical trials. 

Fiber-optic measurements of blood 
flow rely on light reflected from blood 
cells. A fiber is inserted through a 
catheter into an artery. Low-intensi
ty laser light sent through the fiber 
strikes red blood cells. When the light 
scatters off the moving cells, its wave
length changes because of a phenome
non known as the Doppler effect. The 
faster the cell is moving toward the 
tip of the fiber, the shorter the wave
length of the scattered light will be. 
Some of this light will be transmitted 
back through the fiber. The proces
sor at the other end of the fiber then 
will determine the difference in wave
length between the laser light and the 
scattered light and will compute the 
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velocity of the blood in the region of 
the tip. 

The first experiments demonstrat
ing this technique were reported al
most three decades ago, but only in 
recent years have clinical trials begun. 
The instantaneous measurements of 
blood velocity that a fully developed 
instrument will provide will help phy
sicians determine whether an ade
quate blood supply is reaching vital 
organs. 

Optical fibers also make it pos
sible to determine directly the oxy
gen content of the blood. Hemoglobin 
(the chemical responsible for oxygen 
transport in the blood) reflects much 
more red light when the compound 
carries oxygen than when it does not. 
Infrared light, however, is reflected 
equally from all hemoglobin regard
less of its oxygen content. If red and 
infrared light are transmitted into the 
blood through optical fibers, the in
tensity of reflected red light reveals 
the amount of oxygen-carrying hemo
globin, whereas the intensity of infra
red light measures the total amount 
of hemoglobin. This technique, now 
applied routinely, helps to reveal the 
capacity of a patient's blood to carry 
oxygen or the ability of the heart and 
lungs to supply oxygen. 

Miniature sensors connected to the 
ends of optical fibers have made 
numerous other physiological meas
urements possible [see illustration on 
next page). They have been devised 
to measure pressures in the arteries, 
bladder, urethra and rectum. A sensor 
consists of a small tube at the end of 
an optical fiber, the far end of the tube 
sealed by a thin reflective membrane. 
If the pressures inside and outside the 
tube are equal, the membrane will stay 
flat, and light conveyed through the 
fiber will be reflected straight back. 
If the pressure is greater outside the 
tube than inside, the membrane bends 
inward, creating a convex mirror that 
reflects less light back through the 
fiber. If the pressure is lower outside 
the tube than inside it, the membrane 
bends outward, and the concave sur
face focuses more light onto the fiber. 
In several clinical experiments a good 
correlation was found between the re
sults obtained from such an optical 
device and those from conventional 
instruments. 

Sensors that measure blood chem
istry have also been developed. Ones 
for measuring the acidity or alkalinity 
of blood (its pH) are based on organ
ic dyes that luminesce under ultravio
let radiation. A change in pH causes 
some of these dyes to luminesce more 

brightly and the luminescence of oth
er dyes to change color. These dyes, 
encased in a porous polymer, are at
tached to the end of a fiber. The poly
mer allows hydrogen ions to enter but 
prevents larger ions from interacting 
with the dye and degrading it. In prac
tice this sensor can measure the pH of 
blood to within .0 1 pH unit. 

Sensors of similar design incorpo
rate biomolecules such as enzymes or 
antibodies. A change in the fluores
cence of these biomolecules can re
veal the presence or absence of specif
ic chemicals in a rather complex mix
ture such as blood or biological tissue. 
A fiber would transmit information 
from the sensor to a processor, which 
would interpret the information to 
provide highly specific measurements 
of a large variety of chemicals inside 
the body. These sensors have already 
been employed to monitor levels of 
glucose and penicillin and may soon 
be used to measure therapeutic and 
metabolic substances, hormones, tox
ins and microorganisms. 

In recent years the most signifi
cant application of optical fibers in 
medicine has been the delivery of 

laser energy inside the body for sur
gery and therapy. How laser radiation 
interacts with human tissue depends 
on the wavelength and intensity of the 
radiation. Although a particular laser 
emits light of a single wavelength, or 
color, a variety of lasers are now avail
able that generate light throughout 
the visible, infrared and ultraviolet 
spectrum. Light is absorbed by tis
sue to a degree that varies depend
ing on the wavelength and on the tis
sue's chromophores-coloring agents 
such as hemoglobin, melanin and ker
atin. Therefore, a laser of a particu
lar wavelength targets speCific tissues 
and produces speCific photochemical 
reactions. 

In general low-power lasers cause a 
gentle, local heating that coagulates 
blood and causes proteins to con
geal. In this way laser light can bond 
soft tissues together and thereby seal 
wounds or join blood vessels. High
power lasers ablate tissue, in most 
cases by boiling water away. Such a 
beam also cauterizes incisions, so that 
a minimum amount of blood is lost 
during operations. Surgical applica
tions of lasers require from 10 to 100 
watts of continuous laser power or 
pulsed laser power that reaches peaks 
of 10,000 to one million watts. Since 
this power is discharged onto areas 
smaller than a square millimeter, the 
power densities are roughly equal to 

RIGHT VENTRICLE of a human heart was 
photographed through an ultrathin fiber
scope, inserted into an artery in the up· 
per arm. The fiberscope, which is less 
than a millimeter in diameter, was devel
oped at Olympus Corporation in Tokyo. 

those a "Star Wars" laser would need 
for penetrating the skin of a guided 
missile in boost phase. 

The challenge of delivering this 
power into the body through optical 
fibers has occupied the workers in this 
field for the past two decades. All 
optical fibers attenuate light to some 
extent because of scattering and ab
sorption. Some of the attenuation de
pends on the intrinsic properties of 
the fiber material; this intrinsic atten
uation varies with the wavelength of 
light and the total power transmitted. 
Laser-beam energy can also attenuate 
as a result of scattering off the fiber's 
surface or defects inside the fiber. All 
these effects limit the power levels 
that can be delivered to the operating 
site. If the laser input power is in
creased beyond a critical level, the 
fiber ends may overheat, melt or va
porize. In recent years many of these 
difficulties have been overcome by the 
discovery of new optical-fiber materi
als and the development of methods 
for fabricating high-purity fibers from 
these materials. 

In contrast to the silica-glass fibers 
used in imaging and diagnostic sys
tems, fibers designed for laser surgery 
are made of rather exotic materials. 
Quartz fibers have been developed to 
transmit the green light of argon la
sers, the ultraviolet light of excimer 
lasers and the near-infrared radiation 
from YAG lasers (named for the ne
odymium, doped yttrium-aluminum
garnet crystal that is the lasing materi
al). Such fibers have transmitted up to 
100 watts of continuous laser energy, 
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FIBER-OPTIC SENSOR can measure pressures in the arteries, bladder and uterus. The 

sensor consists of a tube at the end of a fiber, the far end of the tube sealed by a 
reflective membrane. If the pressure is higher outside the tube than inside (left), the 
membrane bends inward,creating a convex mirror that reflects little light back 
through the fiber. If the pressure is lower outside the tube than inside (right), the 
membrane bends outward; the concave surface focuses more light onto the fiber. 

enough for most surgical purposes. 
Investigators are still searching, how
ever, for a fiber that can efficiently 
transmit the radiation of infrared la
sers, carbon dioxide lasers in partic
ular [see "Infrared Optical Fibers," by 
Martin G. Drexhage and Cornelius T. 
Moynihan; SCIENTIFIC AMERICAN, No
vember, 1988]. Currently the best in
frared optical fibers for this applica
tion are polycrystalline fibers made 
from metallic, halide crystals. 

The first medical device incorpo
rating lasers and optical fibers 
was designed in 1973 to control 

bleeding from peptic ulcers. The de
vice consisted of a fiberscope for ob
serving the procedure and a separate 
power fiber for delivering the laser 
energy that cauterized the ulcer. Since 
then these devices have successfully 
treated bleeding ulcers in the stom
ach, intestine and colon. A laser-trans
mitting fiber has also served for shat
tering renal stones. The most interest
ing prospects for the therapeutic use 
of laser fiber systems, however, lie in 
the treatment of cardiovascular dis
eases and localized tumors. 

Many of the most devastating dis
eases of the cardiovascular system oc
cur when arteries become blocked by 
calcified, fibrous fat deposits, known 
as atherosclerotic plaque, and by 
blood clots. If these obstructions cut 
off circulation, they cause strokes, 
heart attacks and gangrene in the 
limbs. To treat a patient with obstruc
tions in the coronary arteries, a physi
cian today might first resort to a meth
od called percutaneous trans luminal 
coronary angioplasty. This technique 
relies on a special catheter that has a 
tiny balloon attached to its end. If an 
artery is only partially occluded, the 
tip of the catheter can be inserted 
through the constricted region. The 
balloon is inflated so that it compress
es and reduces the occlusion. This 
method is not applicable for treating 
complete occlusions, and beneficial 
results may only be temporary. 

A physician might then recommend 
a more radical surgical procedure 
known as a coronary artery bypass: a 
vein is removed from the leg, the chest 
cavity is opened to expose the heart 
and the vein is implanted to carry 
blood around the blocked artery. Al-

X-RAY PHOTOGRAPHS of the femoral arteries show the success of laser and balloon 
catheter angioplasty. In the X ray at the left, the artery is completely blocked. After 
laser light is applied to the blockage, only 30 percent of the original occlusion 
remains (center). To clear the remaining blockage, a balloon catheter can be inflated 

in the artery. When the catheter is removed, normal blood flow is restored (right). 
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though the bypass operation usually 
reestablishes blood flow to the heart, 
it is a traumatic procedure, which in
volves a lengthy recovery period and 
great expense. 

The development of optical fibers 
capable of delivering significant laser 
energy has now made available several 
new techniques for removing arterial 
obstructions, known as laser angio
plasty. In one set of techniques the 
end of a fiber is covered with a small 
metal tip. If the fiber is inserted into 
an obstructed artery and laser light 
sent through the fiber, the metal tip 
will heat up and melt the obstruction. 
Very careful control of treatment is 
needed in this technique. Otherwise 
the hot tip can stick to the arterial wall 
or even perforate it. Several successful 
laser-angioplasty instruments are now 
in use. 

An alternative that is potentially 
more effective but technically more 
complex is a system in which laser 
light ablates the plaque directly. The 
first experimental systems of this type 
included an argon laser, which emits 
green light. This laser was chosen be
cause of its reliability and because its 
light could be effiCiently transmitted 
through conventional quartz fibers. Ex
periments revealed, however, that the 
absorbed green light caused extensive 
thermal damage to neighboring tissue 
and did not remove plaque efficient
ly. These problems could be overcome 
by means of a pulsed ultraviolet or 
infrared laser beam. Recently Warren 
S. Grundfest, James S. Forrester and 
Frank Litvack of the Cedars-Sinai Med
ical Center in Los Angeles tested a 
system based on an ultraviolet exci
mer laser and a quartz fiber. Their 
system has successfully cleared block
ages of the coronary arteries in sever
al patients. 

The major problems still to be 
solved are how to manipulate the laser 
beam inside the artery and how to 
distinguish between normal and dis
eased segments of an artery before 

. 
using the laser to vaporize tissue. In 
the future "smart" systems, which will 
rely on endoscopic fluorescence, will 
perform this task and will prevent 
blood vessel perforation. 

In the near future my colleagues and 
I at Tel Aviv University believe that 
new optical fibers capable of transmit
ting the infrared radiation from a car
bon dioxide laser may lead to a saf
er, more durable and reliable system. 
We tested such a system by implant
ing human arteries that were blocked 
by atherosclerotic plaque into animal 
hosts. The fibers were then inserted 
into the arteries, and a carbon dioxide 

© 1989 SCIENTIFIC AMERICAN, INC



ruMOR obstructing the trachea (left) is treated by photody

namic therapy. The patient is injected with a dye that the tu
mor absorbs more readily than healthy tissues do. An optical 

fiber embedded in the tumor (center) conveys laser light, which 
alters the dye chemically. As is apparent two days later (right), 
the altered dye has killed the tumor, so that it can be removed. 

laser beam was used to reopen the 
arteries_ 

The state of the art suggests that 
within a few years such surgical in
struments will be refined and incor
porated into a device that includes a 
fiberscope and sensors. This laser en
doscope will probably have a diame
ter of less than two millimeters; the 
fiberscope will take up about half 
the space_ The device will also carry a 
power fiber for transmitting infrared, 
ultraviolet or visible laser light. Fiber
optic sensors would serve for measur
ing blood pressure, temperature and 
flow; another channel would allow flu
ids and gases to be pumped through 
the endoscope. 

The endoscope could be inserted 
into the coronary artery, just as a regu
lar catheter is. The physician would 
look at the blockage and measure 
pressure and blood flow. The blood 
flow would be stopped with a balloon; 
clear saline solution injected through 
the irrigation channel would clear 
away the remaining blood. A beam of 
laser light would then be sent through 
the power fiber to vaporize the block
age. Gases released from vaporization 
of the plaque would be pumped out 
through the aspiration channel or re
moved by the body. The fiber-optic 
sensors, connected to a computerized 
processor, would monitor the proce
dure and warn of overheating of the 
fiber tip or ablation of a healthy blood 
vessel. At the completion of the angio
plasty the balloon would be deflated 
and the blood flow measured to con
firm that the coronary artery had been 
reopened. �other emerging application is 

the use of optical fibers for 
the detection and treatment of 

small malignant tumors. A diagnostic 

method known as fluorescence endos
copy has been very successful in de
tecting lung tumors that are too small 
to be found by computerized axial 
tomographic (CAT) scans or by chest X 

rays. If hematoporphyrin derivative, a 
dye that fluoresces red under ultravio
let radiation, is injected into a patient, 
over the course of several days, tu
mors will absorb much more hemato
porphyrin derivative than healthy tis
sues. If the suspect region is illuminat
ed with a suitable ultraviolet source, 
such as a quartz fiber coupled to a 
krypton laser, malignant tissue reveals 
itself by emitting red light. To detect 
the red light, a filter that transmits it 
and blocks reflected ultraviolet light is 
attached to the imaging bundle. 

If the tissue is bathed in suffiCiently 
intense red light instead of ultraviolet 
light, the results are strikingly differ
ent. Hematoporphyrin derivative ab
sorbs red light strongly. The absorbed 
energy causes a series of photochem
ical reactions that kills the malig
nant tissues that have been saturated 
with hematoporphyrin derivative. A 
gold-vapor laser can provide the high
intensity red light, which is transmit
ted through a quartz fiber and deliv
ered directly inside the tumor. This 
light then selectively destroys can
cer cells. Such photodynamic therapy 
is currently undergoing clinical trials 
[see illustration above]. 

In the near future these diagnostic 
and surgical systems may be com
bined into a single laser endoscope 
for treating tumors. The device would 
include a fiberscope, a quartz fiber 
for transmitting ultraviolet excitation 
light and another quartz fiber for 
transmitting red light for photody
namic therapy. The endoscope would 
be inserted through a natural orifice 
or through the skin to reach a suspect-

ed tumor. Ultraviolet laser light would 
be transmitted through the first fiber, 
and the fiberscope image would be 
viewed through a red-transmitting fil
ter. Malignancies would be identified 
by their red emission, and high-inten
sity red light would be sent through 
the second quartz fiber to destroy 
them. The quartz fiber might be in
serted directly into a large tumor. Af
ter a few weeks (or after several treat
ments), the procedure might be re
peated to ensure that tumor growth 
had been arrested. 

Flexible fiberscopes, optical sen
sors and laser-power delivery 
systems open a new era of min

imally invasive medical procedures. 
Laser end<;>scop�s will include a fi
berscope complete with an imaging 
bundle and illumination light guides, 
optical fibers coupled to diagnostic 
sensors, a power fiber for delivering 
laser radiation and a channel for in
jecting liquids and aspirating liquids 
or gases. The clarity of a high-defini
tion television, the precision of a med
ical laboratory and the skill of a surgi
cal team wrapped into an instrument 
that can fit through the smallest ves
sels in the body: this is the future of 
optical fibers in medicine. 

RJRTIIER RFADING 
FIBER OPTICS: THEORY AND PRACTICE. 

W. B. Allen. Plenum Press, 1973. 
HANDBOOK OF FIBER OPTICS: THEORY 

AND APPLICATIONS. Edited by H. F. Wolf. 
Granada Publishing, Inc., 1979. 

lASERS IN SURGERY. John A. Dixon in 
Current Problems in Surgery, Vol. 21, 
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OPTICAL FIBERS IN MEDICINE N. In Pro
ceedings of the Society of Photo-Optical 
Instrumentation Engineers, edited by 
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HENRY NORRIS RUSSELL (1877-1957) was born in Oyster Bay, 

N.Y., and after the age of 12 spent most of his life in Princeton. 

The "Dean of American Astronomers," he is remembered as 
the co-discoverer of the Hertzsprung-Russell diagram, which 

relates the brightness of stars to their colors, and of Russell-
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Saunders coupling, which describes two-electron interactions 
in atomic spectra. After 1919, when the Indian physicist Megh

nad N. Saha successfully developed a theory of ionization 
based on quantum mechanics, Russell devoted his energy to 

gaining a physically rational understanding of stellar spectra. 
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Henry Norris Russell 
One of the leading astronomers of his generation, Russell 

understood the need to place astronomy on a firm theoretical 
foundation; in doing so he helped to create modern astrophysics 

In July of 1923 George Ellery Hale 
received the following report from 
one of his Mount Wilson Observa

tory staff about what had become a 
welcome summer ritual: 

"Henry Norris Russell arrived, 'sailed 
in high,' and ... with plenty of oil in his 
crankcase. The talking became a solo 
and continued unabated during his 
stay. He gave us three or four talks 
a week on spectral series applied to 
atomic structure .... Most of his time 
for a while before he left was devoted 
to working out the titanium series, 
according to the selections made in 
the furnace classification. The com
plexity proved greater than he expect
ed, and he is still at the job, but the 
fundamental sorting out was made 
and it became clear what the character 
of the multiplets is ... " 

This was Henry Norris Russell in his 
prime: a dynamo of ideas and sugges
tions on how to incorporate modern 
physics into spectroscopic astrono
my. He was the Russell of the Hertz
sprung-Russell diagram, of the Russell 
method for eclipsing binaries, of the 
Russell-Saunders coupling for two
electron spectra and of Russell, Dugan 
and Stewart's Astronomy: Analysis of 
Stellar Spectra, which helped to train 
two generations of astronomers. And 
he was the Russell who for more than 
40 years contributed a monthly as
tronomy column to the pages of SCI
ENTIFIC AMERICAN. 

A nervous bundle of energy, Rus
sell was brought to Mount Wilson by 
Hale to exploit the store of informa
tion gathered there on laboratory and 
celestial spectra and to help Hale's 
staff inform their observational stud
ies with the explanatory powers of 
modern physics. Hale hoped that Rus
sell and other physicists would fill 
the gap between the laboratory bench 
and the observatory dome. How clos
ing that gap became Russell's raison 
d'etre provides insight not only into 
his professional life but also into a 
science in transition. 

by David H- DeVorkin 

In 1889 the 12-year-old Russell, eld
est son of a minister in Oyster Bay, 
Long Island, was sent to live with his 
maternal aunt in Princeton to take 
advantage of the good schools there. 
From his mother, Biza Norris, he 
had inherited a flair for mathematics 
and puzzle-solving and a keen sense 
of duty. Armed also with total recall 
he graduated from Princeton Prepara
tory School at 16 and moved on to 
Princeton University, where he studied 
mathematics and astronomy. As an 
undergraduate he came under the in
fluence of Charles A. Young, a pioneer 
solar spectroscopist, and prepared a 
senior thesis on the visual classifica
tion of stellar spectra. When he went 
on to graduate work, his tutors includ
ed Young, the mathematician Henry B. 
Fine and the astronomer E. O. Lovett. 
This blend of mathematics and ob
servation led to a timely doctoral the
sis: a mathematical study of how Mars 
gravitationally perturbed the orbit of 
a recently discovered asteroid called 
Eros; the analysis would lead to a re
fined value for the distance between 
the earth and the sun. 

While still a graduate student Rus
sell established his hallmark: an acute 
ability to ferret out new computation
al techniques. He devised ways to 
solve for the masses of stars in visual 
binary systems and to determine the 
densities of variable stars of the Algol 
type, then thought by most astrono
mers to be a special type of eclipsing 
binary system. Russell soon came to 
realize that others were in the race 
too: Hendrikus ]. Zwiers beat him to 
the visual binary technique by almost 
two years, and Alexander Roberts sug
gested the Algol technique at about 
the same time Russell did. 

H is first brushes with competi
tion served only to push Rus
sell harder. After completing 

his thesis in 1900 he broke down from 
overwork and recuperated during the 
next year by touring France. In 1902 he 

went on to do postdoctoral work at 
the University of Cambridge, where 
his ambitious program of theoretical 
and observational work on the trigo
nometric parallaxes of stars was again 
interrupted by serious illness-per
haps a nervous collapse. Leaving his 
work unfinished, he returned to Prince
ton in 1905, took a faculty post and 
spent the next five years attempting 
to find order among various observed 
and calculated characteristics of stars: 
their intrinsic brightness, colors, mas
ses, densities and spectra. 

For this study he relied heavily on 
star spectra provided by Edward C. 
Pickering, director of the Harvard Col
lege Observatory, whose army of fe
male assistants-in particular Annie ]. 
Cannon-was responsible for assem
bling the largest collection of stellar 
spectra and apparent brightnesses in 
the world. Pickering suggested that 
Russell compare the absolute bright
ness he could derive from the paral
laxes of his Cambridge stars to their 
spectra in the Harvard collection. 

The eventual outcome of this inves
tigation was the famous Hertzsprung
Russell diagram. (The Danish astrono
mer Ejnar Hertzsprung devised it in
dependently between 1908 and 19 10.) 

DAVID H. DEVORKIN is curator of the 
history of astronomy at the National Air 
and Space Museum of the Smithsonian 
Institution in Washington, D.C. He holds 
degrees in astronomy and astrophysics 
from the University of California, Los 
Angeles, San Diego State University and 
Yale University and a 1978 Ph.D. in the 
history of science from the University of 
Leicester. His primary interests are the 
development of modern astrophysics 
and the origins of space science. DeVor
kin's latest book is the Race to the Strat
osphere: Manned Scientific Ballooning 
in America, to be released this month 
by Springer-Verlag. The author acknowl
edges permission from the Princeton 
University Ubrary, manuscript division, 
to quote correspondence from the Hen
ry Norris Russell papers. 
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This diagram, published by Russell 
in 19 14 [see illustration below], shows 
how almost all stars can be classified 
according to their brightness and col
or and has played a crucial role in 
guiding theorists in their search for a 
theory of stellar evolution. 

During the same years Russell him
self was developing a theory of stellar 
evolution (his giant and dwarf theory ) 
based on an earlier hypothesis of Nor
man Lockyer. According to the theory 
a star begins its life as a vastly extend
ed cloud of gas (a red giant), contracts 
and heats under self-gravitation to a 
critical point at which it no longer 
behaves like a perfect gas. It then cools 
(as a dense dwarf star ) as it contracts 
further and spends the rest of its life 

cooling and contracting to oblivion. 
One must remember that in those 
days nuclear reactions were unknown 
and the theory was based simply on 
gravitational attraction and the kinetic 
theory of heat. Astronomers also had 
little evidence to show that stars do 
behave as perfect gases. The connec
tion between modern physics and the 
stars was still weak 

The years 19 1 1  and 19 12 saw yet 
another contribution from Russell: 
the first quick and efficient method of 
deriving the orbital parameters and 
physical characteristics of eclipsing bi
nary stars-later known as the Rus
sell method for eclipsing binaries. 

For his work in stellar astronomy 
Russell was made a full professor at 
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HERTZSPRUNG -RUSSELL DIAGRAM was developed independently by Ejnar Hertz

sprung of Denmark and Russell between 1908 and 1913. In the H-R diagram the 

absolute brightness, or magnitude, of stars (vertical axis) is plotted against their 
spectral classification (horizontal axis), which normally ranges from blue (0) to red 
(M). Most stars fall along the so-called main sequence, running diagonally from 

the upper left to the lower right. Red giants fall in the upper right, and white 
dwarfs cluster at the bottom left. Much of 20th-century astrophysics has been 

devoted to providing a theoretical interpretation for the diagram. The diagram 

shown here is Russell's first published version, which appeared in Popular Astron
omy in 1914. The circles represent various confidence levels for stellar parallaxes. 
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Princeton in 19 10, and he remained 
there the rest of his life. Although he 
shied away from politics and built no 
institutions, by World War I he had 
become a major force in American 
astronomy, able to dictate research 
agendas and direct the professional 
lives of workers far beyond the con
fines of Princeton. One early student, 
Harlow Shapley, became director of 
the Harvard College Observatory in 
192 1. Hale, Edwin B. Frost and Otto 

Struve, as successive editors of the 
Astrophysical Journal, turned to Rus
sell for advice on what was acceptable 
for publication in the journal. 

Although Russell's students were 
few, they included the very best. Don
ald H. Menzel led efforts to under
stand the outer layers of the sun and 
the physics of gaseous nebulae and 
became director of the Harvard Col
lege Observatory in 1954. Lyman Spit
zer, Jr., pioneered the application of 
plasma physics to the stars and be
came director of the Princeton Univer
sity Observatory on Russell's retire
ment in 1947. Indeed, in surveying the 
American astronomical landscape of 
the 1930's, Struve found that the only 
place one could go to learn theoretical 
astrophysics was Princeton, at the side 
of Henry Norris Russell. 

World War I forced Russell to 
turn his energies to aerial nav
igation and sound-ranging, 

but he sought diversion in planning 
the future of American astronomy. 
The country's strength lay in observa
tional work; it boasted the world's 
largest telescopes and the clearest 
known skies. The Harvard College 
Observatory, Lick Observatory and 
Yerkes Observatory in Wisconsin were 
deeply committed to star surveys that 
had been instituted before the turn of 
the century. 

Russell understood, however, that 
America lagged behind Europe in the
oretical astrophysics, and he began to 
question the seemingly endless cat
aloguing projects that mapped the 
heavens in ever-greater detail without 
adequate theoretical underpinnings. 
Centuries earlier Newton's laws had 
served to describe the orbital motion 
of celestial bodies. What about the 
laws of radiation physics and quan
tum mechanics forged by Planck, Bohr 
and Einstein, which might describe the 
structure of stars? 

Russell and others thought such 
questions had to be faced before more 
observational programs were planned. 
In 19 16 he openly questioned the life 
work of his old friend and patron 
Pickering: "It is too often still the case 
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MICHELSON INTERFEROMETER was mounted on top of the 
100-inch telescope on Mount Wilson in 1920. Light from a 

star is reflected off two movable mirrors at each end of the 
20-foot·long girder ; the two light beams are brought together 
at the focus of the telescope, where they combine, or inter· 
fere. Moving the mirrors can cause the interference fringes to 

vanish; the separation of the mirrors at that point is a measure 

of the star's angular size. With this technique the resolving 
power of the telescope is made equivalent to that of a tele
scope with a mirror 20 feet in diameter. The instrument was 

constructed under the supervision of Albert A. Michelson, and 
in late 1920 Francis G. Pease <shown here) made the first deter

mination of the angular size of a star-Betelgeuse-with the 
mirrors set by hand by a night assistant sitting on the beam. 

that the routine work is initiated too 
early, before the methods are fully 
perfected." In 19 17 Hale asked Russell 
to prepare the first of several research 
surveys for the newly established Na
tional Research Council. In his survey 
Russell argued that many areas in 
modern astronomy could be strength
ened by a closer link to theoretical 
physics. And again, in 19 17, he wrote 
to Pickering about the ongoing work 
of Pickering's assistant: 

"To be quite frank it seems to me 
that Miss Cannon has been more con
cerned with what the spectra look like 
than what they mean. I do not think 
that this fact diminishes the service 
she has rendered to astronomy; on the 
contrary, her strict attention to the 
facts, disregarding the current theo
ries, has given her a peculiar aptitude 
for her great work." 

Pickering, believing that Harvard's 
observational program deliberations 
had not been adequately represent
ed in the NRC, shot back that perhaps, 
in the best interests of astronomical 
progress, it would be good "for the 
dreamer to suggest to the practical 
man what facts he wants." The argu
ment never erupted further. When 
Pickering died in 19 19 Russell paid 
tribute to him, saying that "it was the 
spectroscopic information [Pickering] 
sent me for my parallax stars-a free 

gift to a young and unknown stu
dent-that started me [on the] trail 
that led to the whole giant and dwarf 
theory. I do not believe there was ever 
a more generous man of science." 

In spite of the tribute Russell re
mained unshaken in his conviction 
that the direction of astronomy had to 
change. As he had written to Pickering 
in 19 17, "It seems to me that present
day astronomy is like an army advan
cing with two wings, one along the line 
of routine observation and the other 
along that of investigation of princi
ples. If the wings are not in constant 
touch with one another, the army will 
not get far." It became Russell's self
appointed task to lead American as
tronomy's theoretical wing and trans
form it into modern astrophysics. 

In spite of his rhetoric, in the years 
that immediately followed World 
War I, Russell was drifting. Between 

19 14 and 19 19 he had published 26 
astronomical papers in 15 categories: 
binary stars, the orbit of the moon, 
stellar energy and evolution, stellar 
magnitudes and masses, parallaxes, 
variable stars and more. The work was 
good, but it certainly did not serve as 
the appointed signpost to the future. 

Russell's 19 17 NRC report shows he 
understood that the key to applying 
the revelations of Planck, Bohr and 

Einstein to the structure and evolution 
of stars lay in the analysis of stellar 
spectra, and yet he was stymied in his 
attempts to do so. At that time astron
omers could identify the chemical ele
ments producing certain absorption 
or emission lines only by comparing 
them with laboratory standards. They 
could classify stars according to their 
spectra but only in a qualitative way
by the absence or presence of lines 
and by the strength of the lines. The 
physical mechanisms behind absorp
tion or emission features were poor
ly understood. Russell and others ac
knowledged that a difference in stellar 
temperatures was the primary cause 
for differing spectra and stellar com
position probably only a secondary 
cause, but there were strong detrac
tors from this view. There was as yet 
no physical argument for why changes 
in temperature created different stel
lar spectral features. 

Astronomers were on slightly firm
er ground regarding continuum spec
tra: the continuous, rainbowlike back
ground on which a star's absorption or 
emission lines are superposed. large
ly as the result of excellent color
imetry performed in Germany, there 
was some confidence that the amount 
of radiation a star emitted in a giv
en wavelength band (its color index ) 
bore some resemblance to Planck's fa-
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mous black-body spectrum, which is 
the spectrum of a theoretical object 
whose radiative properties depend 
solely on temperature. But the link 
was as yet quite weak; moreover, many 
stars did not seem to behave at all like 
black bodies. 

12 

Russell was not the only one who 
recognized that a better understand
ing of stellar spectra was crucial. His 
chief counterpart in England, Arthur 
Stanley Eddington at Cambridge, was 
also thinking along the same lines. 
The Planck formula gives the amount 
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of radiation that an object emits per 
unit area into a unit solid angle-its 
surface brightness. To confirm that a 
star behaves like a black body, one 
must then know the solid angle it 
subtends�or, equivalently, its ap
parent diameter. Conversely, if one 

July 2, 1921 

The Heavens for July, 1921 
What a Study of Atoms aud Electrons Tells Us of the Stars 

By Henry Norris Russell, Ph.D. 
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will he inTimately associatro with and dependent upon 
tht>- C(llll''''pts awl the T('SUitS of 11hysi('s, and espedally 

.(If that hranch of ph�'s\('s which deals with the con

l"'titution and properties of atnms. Our knowledge 
within the Intler field bas h(>pn n"ry greatly extended 

witl)in the last decade. and mnny u!'Itronomicai obser
'-ntions which before were puzzling bave thereby been 

explnlne(]. 

This is pnrlicl11:nly true ill the realm of spe-ctros
-('opy. The mllin fnets rt>g"nr(linj! the emission of light 
hy hot undies, nnd hy hot g'nf<eS in particular. have 
Iw('u known for man:r �'Nlr�: hut it is only r!'centiy that 
we have even bf'J.!"un to hnyc an idea of the Jlroces�t'-; 
tnkinJ: place insiue the atoms of the gas, which are 
involved. 

For example, when the vapor of a gh'en element, 
such as calcium or iron. hi confined in a beated tube 

or "furnace" and obsprved through the end of the 
tube, the sppctrum of the light whl�h tit emits shows 
certain bright lin('s. 1f the temIJeratllre Is raised 
these lines grow stronger and new lines appear in 
addition. When the !'lflrue metal is brought 
into an electric arc (which is hotter. and 
;also suhject to direct el�trical action). 
more lines appear; while a yet more ad· 
vanced stage may be reached h�' passing 
a powerful spark, ted by a source of cur

rent of high tension, hetween two bits of 
the metal; and in the spectrum from this 
lines mny be found which were not to he 
ohsern>d at any of the lower stag�s ot 
temperature. 

Extensive studies han' been made of 
these phenomena, and long lists of "fur· 
nnce" and "spark" lines compiled. with 
Important astronomical applications. But 
the phYRicnl explanation, from the atomic 
standpoint. lagged behind, and came only 
with the application of the modern quan· 
tum theory, which has been remarkably 
successful. 

Why Are the Spectral Lines 7 

ble feature remains to be .mentioned. The number of 
light vibrations per second is exactly proportional to 
the amount of energy wh�ch is requirPd to pull the 
electron up from one position to the other, or is Iiber· 
ated when it comes back. The reason for this famous 
"quantum relation"-and Indeed the reason why tlte 
various possihle positions for the electron should exist 
at all-rf'mains still a mystery, which is regarded by 
the ablest phySicists as one ot the hardest problems 
of science. But the fact has been tested in so many 
ways that no doubt remaills. 

When thf' spectra of th(' elements are stuJ.ie..l from 
this standroint it Is found that the furnace lines cor· 
respond (in the cnse of ahsorption) to the raising of 
the f"leetron from the n"ry lowest "level" at which it 
normally is situnted in the nndisturbed atom to various 
higher l('vf'ls ; while thp arc lines, in general, correspond 
to the ruh;;ing of the electron from one of these higher 
levels to another. When light is emittpd we have to do 
with an electron falling hack owr one of the same 
intervals. 

The t'"nhanced lines correspond to stm another proc· 
ess. After one electron has been taken (olear out of the 

We have good r('nson to believe that an 
atom of any etempnt consists or a central, 
2nd very smull. nucleus, carrying a posi· 
tive electrical charge, snrrounded by a 
number of negatlYely chargt'd elt'ctrons, 
which under the system of forces acting 
betwef>n t:lem and the nucleus arrange 
themselves automatically in a definite 
pattern, probably consisting of several 
concentric sbells or layers. at least in 
the heavier atoms, In the hydrogen atom 
there is but one electron; in helium two: 
in oxygen eight; in sodium eleven: in iron 
twenty-six; and so on up to 82 for lead �� �b�·��/uYul�'H. 
nnd 92 tor uranium. The Inner electrons At. 10 o'clock; July 22. A\ V,-ii c'!:iuck; Jul;,- 30. 

stars most of the atoms are completely Ionized, and 
are therefore ready to have a second ele<:tron removed, 
with absorption of the light corresponding to the 
spark lines. For so.me elements, such as calcium, this 
process occurs with relative ease; hence the spark lInes 
of calcium-the great H and K lines in the violet
appear strongly in the sun. Helium on the other hand 
is the most difficult of all the elements to ionize: and 
the amount of energy required even to HIt an electron 
from the lowest "Ievel" to the next above is so great 
that the correspondillg light .. ibratlons are exceedingly 
rapid, and lie so far in the ultra-violet that all ordi· 
oarily transparent substances are opaque tor them. 
The visible lines of helium correspond to a lifting of an 
electron from the second, or even a higher level to one 
still above, and can only be produced in an atom which 
has already been violently jostled, so as to throw the 
electron up to the second "level." This explains why 
the absorption lines of helium are found only in the 
very hot stars, like those in Orion. Spark tines of 
helium, corresponding to the loss of a 8eCOnd electron, 
are known: but these are found only in a very few 
stars which, trom other evidence as well, we have 

reason to believe to be the hottest In the 
heavens. 

Many beautiful applications of this 
theory have recently been worked out hy 
an Indian phYSicist, Dr. Megh Nad Saha, 
of the University of Calcutta. Much of 
the foregoing discussion Is adapted trom 
his work, and one more instance of it 
may be given. The dark lines of sodium 
are strong in the solar spectrnm. Those 
of potassium are preseut, but weak. The 
rare alkall metals. rubidium and caesium, 
show many strong lines but these do not 
appear in the sun at all. This has long 
been a puzzle, but Dr. Saha has given the 
solution. 

are held by very powerful forces. and are 
hard to di.c;:lodge: but n few of the outer· 
most are relatively easy to displace, nnd 

The hoW'll &iVeD are iD StaDd.rd Time. WheD looallUJ:Dmer tim" ie iD etfeet, they 
mUlt be made ooe bour 1.Wlr: 12 o'clock OD July 7. etc. 

Laboratory experiments have shown 
that it is talrly easy to remove an electron 
from a sodium atom, easier to get One 
out ot a potassium atom, and still easier 
tor rubidIum and caesium. To get a 
second electron away from any of theee 
atoms, after the first Is gone, is however 
very difficult. Calculation shows that, In 
the aun's atmosphere, sodium vapor should 
be largely ionized, with however a coneld· 
erable percentage remaining un·ionlzed 
atoms, which still retain one electron that 
may be removed by the action of light, 
with absorption ot the well-known sodium 
lines. For potaSsium, almost aU the 
atoms are Ionized, leaving very tew In a 
position to produce the ab80rptlon lioeft. 
Rubidium and caesium, still easier to 
ionize, would be completely Ionized. Ieav· 
ing no atoms at all in a position to pro. 
duce the absorption lines which are 110 
comrplcnou8 under the less extreme con· 
ditton8 of our laboratories. Hence the 

it is these which are concerned in the 
chemical affinity between atoms of different sorts, and 
also In the prodUction of the radiation ot the visible 
'Jpectrum. To pull one of these electrons away from 
the rest ot the atom, or as it is called to ionize the 
atom, demnntls a certain expenditure of energy; and 
this produces nn ahsorption of light hy the gas of which 
this atom is a part. When some other free electron 
:omes ncar to the Ionized atom. It will be attracted to 
it ( provided it does not go by too fast) : and. in tailing 
hack, a corre�l1Ontling amonnt of enl'rgy will be emitted 
in the form ot light radiated by the gas. 

Recent research has shown thnt this is but part of 
the story. Tlwre apI)enr to be many diff('rent positions 
in which the electron <'an stop, short or being pulled 
clear away from the atom. The farther out it gets 
the more energy is required to raise it-the greatest 
amount of all corresponding to the complete removal 
of the electron, or the Ionization of the atom. 

Now when an ele<'tron f'hanl!'es from one Of these 
states to another, light is absorbed, if It is pulled up 
to a "higher level" nenrer the outside of the atom, 
or eroittro if it drops to a "lower level"; and this 
light consists ot vibrations at a perfectly definite rate, 
gt .. lng a sharp line in the s�trum. The most remarka-
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atom, It Is often poSSible, by a greater force, to pun a 
second electron out, and doubly Ionize the atom. In 
this process too there are varlOU8 possible "levehl' 1)e. 
tween which the second electron may shift, and a cor
responding set of lines, all quite different from the 
furnace or arc lines. It is even possible that aD atom 
may lose a third or actually a fourth electron, and 
there is reason to suppose that some spectral lines, 
produced only in very violent sparks, are of this origin. 

What [t Means to the Astronomer 
With these ideas in mind it is very easy to see why 

the furnace lines are characteristic of the red stars, 
like Betelguese; the are lint'S of yellow stars, like the 
sun; and the spark lines of very white 8tars, like Sirius. 
In the hot atmospheres of the stars, the atoms collide 
and jostle one another, The red stars are the coolest, 
and the collisions are tHe least violent, 80 that most 
of the atoms are in their undisturbed condition, and 
absorb only the flame lines. In the hotter atmosphere 
of the sun many of the atoms are jostled 80 that the 
electrons within them are raised to higher "levels" and 
are in a position to be raised further. with ab!Orption 
of the arc lines. Finally, tn tbe sUlI hotter white 

wealroesa ot the potassium 11nH, and the 
absence of those of the other elements. 

i8 completely explained. 
When more laboratory work haa been done (largely 

by electrical methods) on these matters, it probably 
will be possible to calculate with tair 'precision the 
temperatures of the atmospheres of the various typee of 
stars, simply from a knowlooge of the degree to which 
the varlOU8 sorts of atoms in them are ionized, aa indt· 
cated by the lines in their spectra. 

The Beanna 
At our hour of observation Vega is almost o...-erbead. 

Cygnus is high in the eaat, and Aquila in the lOutheast, 
a little lower. Below it lie Capricornns and Aquarius, 
and to the right, due south, 18 Sagittarius, with Scorpio 
to the west of it, and Ophiuchua above the latter. 
Bootes is the most conspicuous western coDstellation. 
with Corona above it and Hercules almost overhead. 
Ursa Major is In tbe northwest, Ursa MJDor and Draco 
in the north. Ca88iopela and Cepheus in the northeast. 
and Pegasus has just risen in the ea&t. 

The Planet. 
Mercury i8 an evening star at the beC1nn1n6 of the 

(COfttlMUlci OR page 16) 
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assumes that a star behaves like a 
bl\lck boclY and its surface brightness 
is known, one can predict its apparent 
diameter. 

In 1920 Eddington remarked in his 
presidential address to the British As· 
sociation for the Advancement of Sci
ence that "probably the greatest need 
of stellar astronomy at the present 
day, in order to make sure that our 
theoretical deductions are starting 
out on the right lines, is some means 
of measuring the apparent angular di
ameter of stars." He then went on to 
estimate from its color index the tem
perature and surface brightness of Be
telgeuse and showed that if it behaved 
like a black body it should sub tend 
.05 1 second of arc, or 1/36,OOOth the 
angular diameter of the moon. 

Confirmation came quickly. Both 
Eddington and Russell knew that at 
Mount Wilson a radical new astronom
ical tool was then being built under 
the care of Albert A. Michelson that 
could measure close double-star sep
arations or even the angular diame
ter of stars: a giant 20-foot optical in
terferometer designed to sit atop the 
newly inaugurated 100-inch Hooker 
telescope [see illustration on page 129]. 
Hale, then at Pasadena, had barely put 
down his copy of the September 2 is
sue of Nature, where Eddington's ad
dress had been reprinted, when he 
took up his pen to inform Michelson 
that at last they had an acceptable 
prediction for the angular diameter of 
a star. By December the Michelson 
interferometer was put into operation 
and Eddington's prediction confirmed. 
This was the first observational check 
that stars do indeed behave according 
to the laws of modern physics. 

Russell had also made a predic
tion of Betelgeuse's diameter, which 
appeared in print in late December. 
It came close to the observed value, 
but Eddington's prediction was clos
er. Although Michelson later acknowl
edged Russell's prediction, Russell 
knew from this episode that the future 
of astronomy would largely center on 
the methods of the Cambridge school, 
which was at the cutting edge of ap
plying physics to the study of stars. �other event of December, 1920, 

changed everything. That month 
a copy of the October issue of 

the Philosophical Magazine reached 
Russell. There an obscure young In
dian physicist in Calcutta, Meghnad 
N. Saha, boldly linked the ionization 
potential of a chemical element (the 
energy needed to detach an elec
tron from the nucleus ) and its degree 
of ionization to the temperature and 

pressure of the surrounding environ
ment. Russell quickly recognized that 
this was the master key to stellar spec
tra he was looking for. To Walter S. 
Adams, one of his Mount Wilson col
laborators, Russell wrote: "I believe 
that within a few years we may utilize 
knowledge of ionizing potentials, and 
so on, to obtain numerical determina
tions of stellar temperatures from 
spectroscopic data." 

Working within the framework of 
the Bohr atom, Saha had applied the 
concepts of thermodynamic equilibri
um and thermal ionization to stellar 
atmospheres. According to the Bohr 
model a photon impinging on an atom 
may excite an electron from one en
ergy level to another; in the process 
the photon is absorbed. Conversely an 
electron falling from a higher energy 
level to a lower one emits a photon. 
Saha saw how these concepts could 
help illuminate the behavior of atoms 
in stellar atmospheres. In particular 
he showed why spectral lines of a 
given element are stronger at some 
temperatures and weaker at others. 

For example, in stellar atmospheres 
much below 4,000 degrees Kelvin, 
most hydrogen atoms have their elec
trons in the lowest energy state. (Such 
stars fall into classes K and M in the 
familiar Harvard sequence 0, B, A, F, G, 
K, M, where ° stars are the bluest and 
Mare the reddest.) Photons are unable 
to excite transitions between higher 
levels and be absorbed in the process. 
Therefore, absorption features corre
sponding to the transitions between 
the higher levels are absent. At about 
10,000 degrees Kelvin transitions do 
take place between the higher levels, 
and absorption lines (the "Balmer se
ries ") dominate the visible spectrum. 
In much hotter stars (class A) most 
of the hydrogen is ionized-or exists 
in high states of excitation-and any 
transitions are above visible frequen
cies and hydrogen absorption features 
weaken again. High pressure tends to 
reduce the amount of ionization, and 
so stellar pressure also influences ab
sorption and emission features. 

Saha's October paper on stellar 
spectra was followed in rapid succes
sion by two others while he was still in 
Calcutta. He then traveled to England, 
hoping to work at Cambridge, but was 
befriended only by Alfred Fowler of 
the Imperial College of Science and 
Technology in London. A fourth paper 
appeared after he had joined Fowler's 
laboratory. It established, as the above 
discussion indicates, that the 0, B, A, F, 
G, K, M classification represented not 
only a sequence in color from blue to 
red but a sequence of absolute tem-

peratures as well, ° being the hottest 
and M being the coolest. 

While Saha was in London he com
plained, "We have practically no lab
oratory data to guide us." Russell 
also felt the acute lack of high-quality 
spectroscopic and ionization data. Un
like Saha, however, he knew where to 
get it: from George Ellery Hale and his 
Mount Wilson staff. �readY in his December letter to 

Adams, Russell had identified 
ways to exploit Saha's revela

tions. Adams had long suspected that 
pressure differences in stellar atmos
pheres could influence the appear
ance oj their spectra. His own meth
od of spectroscopic parallaxes, which 
he developed with Anton Kohlshutter 
and in which certain spectral features 
could serve as distance indicators, 
hinted at the role of pressure in stellar 
spectra; it was now placed on a firm 
theoretical footing by Saha's theory. 
Russell pointed this out and directed 
Adams to his own vast store of stellar 
spectra at Mount Wilson, suggesting 
that he look for molecular hydrogen in 
very cool stars. 

The following summer Russell him
self traveled to Mount Wilson as a 
summer research associate to apply 
Saha's theory to stars. For the next 
two decades Russell left Princeton at 
least once, sometimes twice, a year for 
the Pasadena offices of the Mount Wil
son Observatory. En route he often 
stopped at other observatories to ad
vise on research, raid their plate vaults 
for data and lecture on a wide range 
of subjects. Although he maintained 
many of his earlier research interests, 
such as binary and variable stars, he 
added the new goal of pushing toward 
a theory of stellar spectra. During his 
first summer at Mount Wilson, he told 
a Berkeley audience that with Saha's 
theory "astronomy, physics and chem
istry now had an atomic model for the 
emission and absorption of radiation." 
Russell had already used the store of 
spectroscopic images of the sun at 
Mount Wilson to show that some of 
Saha's predictions were correct and 
that overall the theory was able to 
explain the behavior of the elements 
in the solar atmosphere. He added: 

"This is but a single illustration of 
the immense possibilities of the new 
field of investigation which opens up 
before us. A vast deal of work must be 
done before it is even prospected
much less worked out, and the astron
omer, the physicist, and the chemist 
must combine in the attack. ... It is 
not too bold to hope that, within a 
few years, science may find itself in 
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MEGHNAD N. SAHA, the fifth child of a shopkeeper, was 
born in what is now Bangladesh in 1893. Saha displayed tal· 
ent in his chosen disciplines of mathematics and physics; he 
was also aggressive and often found himself at odds with his 
superiors because of his political views and personality con· 
flicts. Nevertheless, he received a D.Sc. in 1918 from the 
Calcutta University of Science and soon turned to astrophysi· 
cal problems, exploiting what he had learned from teaching 
thermodynamics and quantum mechanics. His series of 
papers, written in Calcutta and England between 1919 and 
1921, applied the concept of thermal ionization to stellar 
atmospheres and paved the way for an understanding of stel· 
lar spectra; they are sometimes considered the beginning of 
modern astrophysics. 

In spite of the importance of his work, Saha was not invited 
by his European and American colleagues to collaborate with 
them in refining and extending the theory. He returned to 
India and the University of Calcutta but shortly thereafter 
became a professor of physics at the University of Allahabad. 
During the next two decades, he became a central figure in 
the creation of the National Institute of Sciences of India, the 
Indian Physical Society and the Indian Science News Organi· 
zation. After moving back to the University of Calcutta in 
1938, he established an institute for the study of nuclear 
physics and argued for the necessity of scientifically 
informed national planning. He became highly visible in areas 
ranging from flood control and economic planning to the 
reform of the Indian calendar and the peaceful uses of atomic 
energy. In 1951 he was elected to the Indian Parliament as 
an independent and remained a parliamentarian until his 
death in 1956. 
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possession of a rational theory of stel
lar spectra, and, at the same time, of 
much additional knowledge concern
ing the constitution of atoms." 

Russell was not the only one to 
see these possibilities. Saha himself 
pleaded for the support necessary to 
continue his work, and he wrote to 
Hale asking for the very things provid
ed to Russell. At the same time Ralph 
H. Fowler and Arthur Milne in England 
also recognized the potential of what 
Saha had done and in the next few 
years worked to complete the the
ory. They noted that Saha's formula 
for describing the Harvard spectral 
classes as a sequence of absolute tem
peratures did not properly account for 
the fact that more than one element 
was present in a stellar atmosphere, 
and they rectified the omission. At the 
same time they refined the role of 
pressure. 

Many others based their own work 
on Saha's, but it was at Mount Wilson, 
under the coordination of Russell and 
Hale's staff, that the general attack on 
spectra took place. As a favor to Hale, 
Russell answered Saha's letter, outlin
ing the planned agenda for Mount Wil
son. He assured Saha that they were 
going to follow his lead. Saha, how
ever, was not invited to the party. 

S oon after verifying Saha's predic
tions Russell moved in the direc
tion Fowler and Milne were tak-

ing to refine the theory itself, partly to 
try to explain the spectroscopic anom
alies unaccounted for by Saha's origi
nal version. There were two puzzles at 
first: the unexpected behavior of bari
um and the persistence of hydrogen in 
the spectra of all stars. 

Russell found that barium was more 
highly ionized than sodium in the so
lar spectrum, which was strange be
cause the two elements have the same 
ionization potential. The barium puz
zle led Russell deep into the realm of 
physical theory to sort out the spectra 
of the alkaline earth elements, which 
include barium. 

The alkaline earths distinguish 
themselves by having two valence, or 
outer, electrons instead of one. With 
F. A. Saunders, Russell derived a re
fined model for the structure of atoms 
in which two electrons participated in 
the generation of spectral lines. The 
rules for two-electron interaction that 
Russell invented during the collabora
tion is now called the Russell-Saun
ders coupling; with it the spectra of 
barium and the alkaline earths were 
explained. Even before completing 
this work Russell took the next step
to examine spectra from atoms with 
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three valence electrons. He chose tita
nium and found yet another transi
tion rule. Russell was elated ; not only 
was his physics revealing how stars 
worked, but stellar spectra also could 
serve as tools to probe the mysteries 
of the atom. 

Although barium and titanium were 
great successes, hydrogen remained a 
thorn in Russell's side. At the time 
astronomers believed that no one el
ement dominated in stellar atmos
pheres, which were thought to be gas
eous admixtures of generally heavy 
elements-in particular iron. More
over, Eddington's theory of stellar 
structure required that the average 
molecular weight of the gas had to be 
much higher than that of hydrogen. 
Yet hydrogen persisted in virtually all 
stellar spectra. 

The hydrogen puzzle led Russell 
and the Mount Wilson astronomers 
to recalibrate the solar spectral wave
lengths against laboratory standards. 
At Princeton Russell and his indefat
igable assistant Charlotte E .  Moore 
calibrated the strengths of the solar 
spectral features against a new the
ory, developed by Russell and others, 
that gave the various line strengths in 
terms of the relative concentrations of 
the elements in the sun's atmosphere. 

Still, the hydrogen puzzle was not 
resolved. In spite of the spectroscop
ic evidence Russell was skeptical that 
hydrogen dominated all stellar atmos
pheres. While he scratched his head 
over hydrogen, Russell had sent Men
zel to Harvard to exploit its incom
parable plate vault of stellar spectra. 
At the same time a young astrono
mer named Cecilia Payne had arrived 
fresh from Cambridge and Eddington, 
armed with insights from Fowler and 
Milne. She too planned to explore 
atomic structure with the help of the 
Harvard spectra and determine the 
elements present in stars better than 
Saha had been able to do. Payne suc
ceeded in all of this in her monumen
tal 1925 doctoral thesis, becoming the 
first person to recognize that hydro
gen was by far the most abundant 
element in the atmosphere of stars. 

Her conclusion was not easy to swal
low. It threatened Eddington's theory 
of stellar structure, which prompted 
Russell to suggest to Payne that her 
result was clearly impossible. Payne 
dutifully followed Russell's guidance 
in the published form of her thesis. 
Privately she stuck to her conclusions. 

The issue of hydrogen abundance 
raised its head again and again and 
plagued Russell's efforts to deny it 
through 1928, even though many of 
his colleagues had begun to believe 

that Payne's original conclusion was 
correct. Russell marshalled all of his 
forces at Princeton and Mount Wilson 
to make an assault on hydrogen. final
ly, in a masterly 1929 paper that he 
referred to as his "reconnaissance of 
new territory, " Russell gathered to
gether all the spectroscopic evidence 
he and Moore had collected and de
clared that stellar atmospheres were, 
after all, mostly hydrogen. 

During his final assault on hy
drogen Russell was aware that 
Albrecht Unsold-a student of 

the theoretical physicist Arnold Som
merfeld and completely conversant 
with the most modern forms of quan
tum theory-was able to derive ab
solute-abundance information from 
spectroscopic line profiles, something 
Russell had never tried to do. Unsold 
was also confirming that stellar at
mospheres were composed chiefly of 
hydrogen, and Russell knew that the 
young German's techniques were far 
more powerful than his own. 

UnsOld's mastery of the new quan
tum physics represented the future of 
stellar-atmosphere studies. He and a 
host of other Europeans would ulti
mately refine Russell's first crude es
timate of the relative abundances in 
the solar atmosphere. Russell was de
lighted with these extensions of his 
work, but it was apparent that the new 
"quantum mechanics " were rapidly 
taking over. Even in the mid- 1920's, 
as Russell worked to find a theory of 
multiplet spectra (spectra produced 
by closely clustered atomic energy lev
els ), Sommerfeld, H. Hanel and R. de L .  
Kronig were hot o n  the trail-and in 
fact they beat him into print. 

Such theoretical races made Russell 
aware of the army of European physi
cists who were then attacking atomic 
structure. Russell knew he was out
numbered and to a great extent out
distanced. In part this stemmed from 
an aversion to the direction in which 
physics was heading. Russell never 
felt comfortable with the complex 
mathematical formalism of quantum 
mechanics and was always happier 
with what he called the astronomical 
model of the Bohr atom, right down 
to its metaphor of "spin. " Much later 
Russell still referred to Heisenberg's 
uncertainty principle as a "Principle 
of Limited Measurability, " following 
Max Born. Neither was he ever com
fortable with the wave-particle dual
ity of matter, although he was will
ing to apply either model to "practical 
problems." 

After the mid- 1920's Russell pre
ferred to let others handle develop-

ments in theory. He continued to ad
mire the power and generality of the 
Bohr model and its ability to pro
vide rules for the calculation of atom
ic spectra. Along with so many other 
spectroscopic physicists of his gen
eration, Russell contented himself 
with puzzle-solving: applying the Bohr 
model to spectra in order to unravel 
the structure of atoms. 

Russell's role as a pioneer in quan
titative astrophysics was that of one 
who pointed the way. He was a transi
tion figure who never made the transi
tion fully himself ; his students did, 
however, and much of Russell's lasting 
influence came from them, astrono
mers such as Spitzer and Menzel and 
those they trained in turn. 

Russell's many roles prompted Shap
ley to knight him with the title "Dean 
of American Astronomers." In Rus
sell was found an unusual blend of 
two classic scientific styles: the hedge
hog and the fox-the deep versus the 
broad. He was sympathetic to the need 
for programmatic observation but un
comfortable with vast projects unin
formed by theory. Russell often saw 
through the fog to suggest fruitful 
lines of research that others might 
carry out. As Cecilia Payne-Gaposch
kin once said late in life, "Henry Nor
ris Russell knew a good thing when he 
saw it." By taking advantage of these 
"good things " and also conveying to 
others the need for long-term system
atic enquiry informed by physical the
ory, Russell accrued wide influence. 
In a survey of astronomers made in 
1946, Russell was listed most fre
quently as an especially stimulating 
teacher ; citations of his work still av
eraged about 50 per year in the 1960's 
and 1970's, long after his death at 79 
in 1957. 
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THE AMATEUR 

SCIENTIST 
How to stop worrying about vibration 

and make hOlogra";:J;able in white light 

M 
by Jead Walker 

�OIOgram is a kind of photo
graph, but unlike a normal pho

tograph it creates an illusion 
of depth and also allows the viewer to 
see the imaged object from various 
points of view. Indeed, the image can 
be so realistic that it appears to be the 
object itself. There are various ways to 
make a hologram, in all of which film 
is exposed for several seconds to laser 
light that has been scattered from the 
object. Many of the methods are no
toriously sensitive to vibrations dur
ing the long exposure, so that hologra
phers must often go to great lengths 
to steady their apparatus. 

Recently Roland M. Bagby of the 
University of Tennessee and Laurie 
Wright of the Eastman Dental Hospital 
in London sent me a report on how to 
make holograms without any fuss. 
Their rig was designed by Wright and 
the late Brian Keane of the Royal Sus
sex County Hospital in England and 
subsequently modified by Bagby. It is 
based on a technique for making holo
grams that was invented in 1962 by 
Yuri N. Denisyuk of the Soviet Union. 
The apparatus is so small and stur
dy and the technique is so insensitive 
to vibration that Bagby can load the 
rig into his car, drive to a local school 
and then set it up on an ordinary table 
and begin making holograms within 
minutes. As a bonus, these holograms 
can be viewed in white light from an 

Laser 
beam 

? 

.small glass plate 

incandescent bulb as well as in light 
from a laser. 

In order to appreciate the Denisyuk 
technique you need to know the basic 
prinCiples behind a hologram. Its illu
sion of depth and faithful representa
tion of perspective stem from the fact 
that it is a record of an interference 
pattern created by two beams of light 
during the exposure. One beam, called 
the object beam, was scattered from 
the object, whereas the other beam
the reference beam-was not. 

The beams must originate from the 
same source (these days it is a laser) 
so that there is a fixed phase differ
ence between them when they reach 
the film. Phase refers to the state of a 
light wave as it passes a chosen point. 
The wave is in a certain phase when 
a "crest" passes and in an opposite 
phase when a "trough" passes. If two 
waves of the same wavelength pass 
the point, their phase difference is a 
measure of how closely their states 
match: the waves are completely in 
phase if they are in the same state and 
completely out of phase if they are in 
opposite states. 

When the waves are completely in 
phase, they are said to interfere con
structively, and the point is brightly 
illuminated owing to the alignment of 
crests with crests and troughs with 
troughs. When the waves are com
pletely out of phase, they interfere 

destructively, and the point is dark 
because of the complete misalign
ment. If the waves are long and contin
uous, their phase difference stays the 
same as they continue to pass through 
the point, and so does the level of 
illumination there. The direction in 
which the beams travel does not mat
ter : they can be moving in the same 
direction, in opposite directions or at 
an angle to each other. 

In a hologram an interference pat
tern is produced in the emulsion of a 
piece of film. The beams begin com
pletely in phase because they come 
from the same source, but since the 
object beam undergoes scattering, 
they arrive at the emulsion with a 
variety of phase differences. At some 
points in the emulsion bright illumi
nation activates the grains of silver 
and at other points darkness leaves 
the grains unchanged. When the film 
is developed, the altered grains are 
opaque whereas the unaltered grains 
are transparent. The film, now a hol
ogram, is filled with tiny dark lines 
and transparent ones, a record of the 
original interference pattern. In cer
tain processes, including the Denis
yuk technique, the film is bleached to 
brighten the hologram. All the lines 
are then transparent, but they differ in 
their index of refraction and hence 
still provide a record of the pattern. 

If the hologram is illuminated by 
a beam identical with the reference 
beam, the light scatters from the ar
rangement of lines and reconstructs 
the object beam. When you view the 
hologram from the appropriate angle 
and intercept some of the scattered 
light, you perceive an image of the 
object. As you shift your view some
what you intercept a different part of 
the scattered light and gain a different 
perspective on the object. 

The earliest holograms were made 
without benefit of laser, and so their 
images were dim and murky. Today 
holographic images are brighter and 
sharper because of lasers, better film 
and better ways of exposing the film. 
Commonly a laser beam is split by a 
half-silvered mirror into two beams, 

Arrangement for making holograms by the Denisyuk technique How to view the hologram in white light 
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which are then successively reflected 
by other mirrors until they reach the 
film. Along the way one of them is 
scattered from an object and becomes 
the object beam. The other one, the 
reference beam, is sent into the film 
on the same side as the object beam 
but along a different path. 

When holograms are made in this 
way, the rig must be carefully isolated 
from vibrations in order to maintain 
a consistent interference pattern on 
the film during the long exposure. If 
something along the path of either the 
object or the reference beam is jos
tled, the phase difference of the waves 
reaching each point on the film shifts 
and the recording of the interference 
pattern is washed out. 

The technique usually has anoth
er disadvantage: the holograms must 
be viewed in the same type of light 
that exposed the film. The require
ment excludes viewing a hologram in 
white light from a bulb, because white 
light consists of many wavelengths. 
The scattering the waves undergo in 
the hologram depends on wavelength; 
when there are many wavelengths, you 
intercept a number of scattered pat
terns yielding such a jumble of images 
that nothing is recognizable. 

One way around the problem is to 
expose the film so that the finished 
hologram selects out only one wave
length to create an image. In this tech
nique the object and reference beams 
are sent into the film from opposite 
sides; the film has a thick emulsion, so 
that many layers of constructive and 
destructive interference, separated by 
half a wavelength, span the emulsion. 
Information about the object is still 
recorded in the lateral variation of 
the interference pattern, but now the 
wavelength of the light is recorded in 
the spacing of the layers. 

After the film is developed it is illu
minated with a beam of white light 
along the path previously taken by the 
reference beam, and you view it from 
the light-source side. Although many 
wavelengths enter the hologram, the 
only light that is scattered in your 
direction is light whose wavelength 
matches that of the original reference 
beam. The selective scattering results 
from the half-wavelength separation 
between the embedded layers: light of 
the "proper" wavelength is strongly 
backscattered by the arrangement, 
whereas light with any other wave
length is not. 

The scattering can be thought of as 
a form of reflection, and so this kind 
of hologram is called a reflection holo
gram. When you intercept some of the 
scattered light, you perceive an image 

on the far side of the hologram. It is a 
"virtual" image constructed by your 
visual system, which mentally extrap
olates the rays your eyes receive back 
to their apparent origin. If you placed 
a card at the apparent position of the 
image and looked at the card directly 
rather than through the hologram, you 
would not see the image. 

A Denisyuk hologram is a reflection 
hologram, but the laser light is not 
split into two beams by a half-silvered 
mirror. Instead it is spread by one 
or two lenses and then sent directly 
through a tilted, transparent film to 
reach the object, which sits imme
diately behind the film. Some of the 
light, acting as the object beam, scat
ters back to the film and interferes 
with the oncoming light, which acts as 
the reference beam. When the film is 
developed, you can view the hologram 
by shining white light onto it along the 
same tilted path taken by the initial 
laser beam. Note, incidentally, the ad
vantage of the tilted orientation of 
the film during the exposure. If the la
ser beam had been perpendicular to 
the film, you would have to hold the 
white-light source directly in front of 
your face in order to view the holo
gram instead of off to one side. 

The Denisyuk technique is particu
larly convenient because the rig re
quires little isolation from vibration. 
The object and the film are next to 
each other ; if one wiggles, the other 
wiggles almost in unison, and so the 
interference pattern within the film is 
largely unaffected. If you position the 
object farther away from the film, the 
advantage is lost and the rig needs to 
be isolated from vibrations. 

You can make a hologram with the 
Denisyuk technique by building the 
rig designed by Wright and Keane. It 
is shown on the next page and the 
parts it calls for are listed on page 
137. The parts marked with an aster
isk can be bought from the Mode Cor
poration, P.O. Box 1697, San Leandro, 
Calif. 94577. (For an extra 50 cents per 
piece the tubing will be cut to speci
fied sizes; otherwise order it in 10-foot 
lengths.) The optical devices can be 
bought from the Edmund Scientific 
Co., 101 East Gloucester Pike, Barring
ton, N.]. 08007. The precise size and 
design of the parts are not critical, and 
Bagby and Wright suggest that readers 
may enjoy improvising. 

Construct the main frame of the rig 
from the tubing and joints and the 
inserts that connect them. Use a rub
ber or plastic mallet to make the con
nections, but do not ram the pieces 
hard. Lay the frame on the plywood 
and test it for stability; if it wobbles, 

adjust the joints until it is stable, and 
then fasten it to the plywood with the 
shelf supports and screws. 

A U-shaped mount that will support 
the film is made with three shorter 
pieces of tubing. (Hold the mount in
side one end of the main frame to be 
sure there is a clearance on each side 
of about an eighth of an inch.) Out
side the bottom section of the mount 
attach an identical length of tubing 
with bolts. Run the bolts through holes 
drilled in both pieces; either thread 
the holes in one of the sections to 
hold the bolts or secure the bolts 
with nuts. The extra section of tubing 
forms a narrow shelf to support what
ever is to be photographed. 

Find and mark the balance points of 
the mount and then prop it upright in 
the end of the main frame about three
quarters of an inch above the bottom 
tube of the frame. Mark the heights 
of the mount's balance points on the 
vertical tubes of the frame, remove the 
mount and then drill holes a quarter 
of an inch in diameter through the 
frame at the marks. Also drill threaded 
holes through the balance points on 
the mount. Return the mount to the 
end of the main frame, run a bolt 
through each hole in the frame, add 
washers to separate the mount from 
the frame and then turn the bolts 
into the threaded holes in the mount. 
There should be enough washers so 
that the mount can be easily rotated 
about the bolts but is kept in place, 
once pOSitioned, by friction from the 
washers. Press the cladding channel (a 
rubberized track that holds the pane 
in place in some windows) onto the 
inside of the mount and slide a piece 
of plate glass into the channel. Later 
the film will rest against the glass. 
(You may be able to simplify the entire 
rig. Wright has made one of wood.) 

The optical bench should be be
tween one foot ami two feet in length, 
which may necessitate your cutting a 
standard bench. Two pin holders are 
mounted on the bench to hold the 
pins that are screwed into the lens 
holders. You can either buy commer
cial pins and lens holders or hold the 
lenses with household broom clips, 
screw the clips into wood dowels and 
then insert the dowels into the pin 
holders. (A homemade optical bench 
might be substituted to reduce the 
cost of the rig.) The lenses are plano
concave or double concave, with short 
focal lengths of from -15 to -30 milli
meters. Before final assembly the ply
wood, the bench and everything on it 
except the lenses should be sprayed 
with flat black paint to eliminate stray 
light during the exposure. 
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Choose a sturdy table to hold the 
rig. To help isolate the rig from vibra
tions, stand the legs of the table in 
coffee cans partially filled with some 
compliant material such as vermicu
lite. (If vibrations later prove to be a 
problem, you may have to mount the 
table on inflated inner tubes.) Put the 
bench and optical equipment into the 
rig, cut a white sheet of paper to the 
size of the film (about four by five 
inches) and lay the paper on the glass 
in the mount, which is tilted with its 
top part toward the lenses. Then ad
just the lenses so that they are aligned 
with the center of the paper. Turn on 
the laser and adjust its height and the 
height and horizontal position of the 
lenses until the beam spreads uni
formly over the paper. (Never look into 
a laser beam, and take great care not 
to allow any bright reflection of it to 
reach your eyes.) When the optical 
alignment is satisfactory, secure the 
bench to the plywood and mark the 
locations of the pin holders. 

Bagby and Wright say any helium
neon laser will do; those that emit po
larized light and have an output pow
er of at least five milliwatts work 
best. (The weaker the laser is, the long
er the exposures must be, and long 
exposures can make vibrations a prob
lem after all.) The emulsion should be 

Plywood base..J 

thicker than six microns, transparent 
to light on both sides (ask for film with 
a no-antihalation, or "NAH," backing) 
and sensitive to the red laser light: 
say Agfa film type 8E75HD NAH, Ko
dak spectroscopic film type 649-F or 
a Kodak high-resolution plate. 

To process the film you will need 
a fine-grain, high-contrast developer 
such as Kodak type D-19 and also a 
bleach mixture. The developer can be 
reused if it is stored in a cool place in 
a brown or opaque plastic bottle. The 
bleach is needed to brighten a holo
gram; without it, reflection holograms 
are disappointingly dark. Bagby and 
Wright sent recipes for two alternative 
bleach mixtures. To make one of them, 
add 25 grams each of potassium bro
mide and potassium ferricyanide to 
about 900 milliliters of water (distilled 
water is best). Stir until the powders 
completely dissolve, add enough wa
ter to bring the volume to 1,000 millili
ters and then cautiously add 10 millili
ters of concentrated sulfuric acid. (Do 
all of this in a sink whose appearance 
is unimportant, and run tap water into 
it so that any spilled acid is diluted 
before it gets to the pipes. And when
ever you are handling a bleach mix
ture, be sure to wear safety goggles 
and laboratory gloves.) 

The second bleach mixture yields 

even brighter holograms, but it also 
may shift the color of the image. (The 
shift is no problem when the holo
gram is viewed in white light, but if it 
is viewed in the original laser light, the 
shift may dim or eliminate the image.) 
The mixture is prepared by adding 30 
grams each of potassium bromide and 
ferric sulfate to 900 milliliters of wa
ter, stirring and then adding enough 
water to bring the mixture to 1,000 
millili ters. 

You will also need some absolute 
(l00 percent) methanol, a green safety 
light and a hair dryer, preferably one 
in which the heat and air speed can be 
controlled separately. The green safe
ty light enables you to see while devel
oping the film. The methanol serves to 
dry a hologram quickly, but you must 
be careful not to breathe it or bring it 
near any flame or spark, which could 
ignite it. The hair dryer is used in the 
final drying stage. 

Now you are ready to make a Denis
yuk hologram. With the room lights 
out and the laser on, recheck the beam 
alignment by placing a white sheet of 
paper on the plate glass in the mount, 
which should be tilted between 30 and 
45 degrees from the vertical. On the 
paper lay a piece of plate glass some
what larger than the film you will be 
using. Mark the positions of the left 

GI�s plate 
in U-shoped 

mount 

The rig devised by Laurie Wright and Brian Keane for generating Denisyuk holograms 
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and right edges of the second glass 
with masking tape on the larger glass 
and then slip the paper out from the 
assembly . 

. Block the laser light with cardboard 
positioned in front of the laser and 
then slide the film between the two 
pieces of glass, maneuvering it so that 
it fits between the tapes. The emulsion 
side of the film should face the laser. 
Place the object to be photographed 
on the top layer of glass and wait for 
several minutes to allow any vibra
tions to damp out. Lift the cardboard 
slightly, wait again for about 30 sec· 
onds for any new vibrations to damp 
out and then lift it completely to ex· 
pose the film. 

The proper length of the exposure 
depends on the film, the strength of 
the laser beam, the size of the film and 
the reflectivity of the object, and so it 
requires experimentation. If the beam 
from a five-milliwatt laser is spread 
over film that measures four by five 
inches, and if the object has moder
ate reflectivity, the exposure might re
quire about five seconds. To stop the 
exposure put the cardboard back in 
front of the laser. Then retrieve the 
film and put it in a lightproof com
partment until it can be developed. 

Develop the film in a room illumi
nated only by the green safety light. 
Wearing safety gloves, slip the film 
into the developer, making sure the 
emulsion side of the film faces up so 
that it will not be scratched on the 
bottom of the container. Swirl the film 
until it is quite dark; that can take 
from 30 seconds to two minutes, and 
getting it right will require some ex
perimentation. Then bathe the film 
under running water for two minutes 
before putting it into one of the bleach 
mixtures. If the film does not soon 
become more transparent, it was over
exposed, overdeveloped or processed 
with bleach that is too old. 

If the film does clear, bathe it again 
in running water for two minutes. If 
the tap water is hard, rinse the film in 
distilled water to eliminate any depos
its. Next, blot it with a soft paper towel 
enough to remove any clinging wa
ter but not enough to dry it fully. To 
complete the drying, submerge the 
film in methanol for about two min
utes. (If the methanol bath gains too 
much water, the developed hologram 
will be murky.) After this submersion, 
work quickly: lift the film, allow the 
fluid to drain from it and lay it on a 
soft, dry paper towel with the emul
sion side up. Gently apply another 
paper towel to the emulsion side and 
immediately complete the drying with 
the hair dryer, setting it for both heat 

( �quarc 
black tubing 

{ • 4- oections, 36" long 
• 8- .sec.tion�, 12\;< long 
• 4 - �ection�) 10 \;4 long 

* 8-4:1 corner jointb 
*2-1:1 elbow joints 
• 2 - packages of inserts 
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4 - 1" rccCbS Z-c.lip shelf support:; 
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Other hardware 
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6 - steel washers, 1,14" in.side diameter 
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f 1 - optical bench 
2-lens holder.:> 
2 - pin carrier,s, 30-mm. width 
2- mounting pins to fit pin carriers 
2. - plano- concave or double-concave 

Supplies required for building the rig 

and air. (Keep the dryer away from the 
methanol fumes in case it has any 
internal sparking.) You then have a 
hologram that can be viewed in white 
light, provided that the light source is 
small: a flashlight or a slide projector 
without its front barrel will serve, but 
a fluorescent tube will not. 

If an object you want to photograph 
does not balance well on the narrow 
shelf of the U mount, you can mount it 
and the film horizontally on a piece of 
plate glass positioned to straddle the 
top of the rig. The glass should be a 
quarter of an inch thick and measure 
12 by 14 inches. To reflect the laser 
beam up to the glass you will need a 
mirror, which should measure eight 
by 10 inches and have its reflecting 
layer on the front surface. Angle the 
top of the U mount away from the 
laser, place the mirror on it and ad
just everything until the laser light 
spreads uniformly over a sheet of 
paper placed on the horizontal glass. 
Then follow the exposure procedure 
outlined above. 

You may well wonder why all holo
grams are not made the Denisyuk way. 
The fact is that the illusion of depth is 
often weaker in a Denisyuk hologram 
than it is in a hologram made with 
a split-beam method. The weakness 
stems from the fact that a laser does 
not emit a single, continuous wave 
but rather a succession of continuous 
waves, none longer than about the 
length of the laser itself. The phase 
changes abruptly and randomly when 
one wave leaves off and another be
gins, and so if there is to be consist-

ent interference between two beams 
of light when the film is exposed, the 
beams must come from the same 
wave. In the Denisyuk setup a wave 
essentially folds back on itself when 
it scatters from some point on an ob
ject. If the point is near the film, the re
turning part of the wave can interfere 
with the oncoming part of the same 
wave at the film, but if the point is 
too far away, the returning part of the 
wave meets an oncoming part of an
other wave; the phase difference be
tween the two waves is unpredictable, 
and during the exposure there is no 
consistent interference at the film. 
Denisyuk holograms therefore record 
the nearby points of an object well 
enough but not the distant points. 

Although the Denisyuk method is 
the simplest way to make holograms, 
it is still challenging; you may want to 
consult the references listed below 
for further advice. In addition, Bagby 
has volunteered to answer questions 
addressed to him at the Department 
of Zoology, University of Tennessee, 
Knoxville, Tenn. 37996-0810. 

FURTIIER READING 
HOMEGROWN HOLOGRAPHY. George Dow

benko. American Photographic Book 
Publishing Co., Inc., 1978. 

lASERS AND HOLOGRAPHY: AN INTRO

DUCTION TO COHERENT OPTICS. Win
ston E. Kock. Dover Publications, Inc., 
1981. 

HANDBOOK or HOLOGRAPHY: MAKING 

HOLOGRAMS THE EAsy WAY. Fred Un· 
terseher, jeannene Hansen and Bob 
Schlesinger. Ross Books, 1982. 

SCIENTIFIC AMERICAN May 1989 137 
© 1989 SCIENTIFIC AMERICAN, INC



COMPUTER 

RECREATIONS 
Simulated Evolution: 

wherein bugs learn to hunt bacteria 

by A. K. Dewdney 

"For those, like me, who are not 
mathematicians, the computer can be 
a powerful friend to the imagination." 

-RICHARD DAWKINS, 
The Blind Watchmaker 

O
n the muddy bottom of a stag
nant pool of water a number of 
protozoa creep about, feeding 

on the bacteria that slowly rain down 
on them. The protozoa all look alike, 
but their behavior shows important 
differences. Some of them move errat
ically in search of bacteria and conse
quently eat little. Others move with 
more purpose, following a search pat
tern that seems almost methodical; 
they find plenty to eat. Such micro
scopic worlds have a fascination all 
their own, but this particular scene 
has special significance: the methodi
cal protozoa evolved from their erratic 
cohorts in the space of only one hour! 

As some readers may already have 
guessed, such a scene is not viewed 
through a microscope but on the dis
play screen of a computer. It is gener
ated by a program called Simulated 
Evolution that was written by Michael 
Palmiter, a high school teacher from 
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Temple City, Calif. Tiny white proto
zoan creatures, which Palmiter calls 
bugs, crawl about on the screen, gob
bling up purple bacteria. As genera
tions of bugs pass by, one can watch 
new feeding behaviors evolve. 

Richard Dawkins of the University of 
Oxford has also looked for insights 
into evolution by investigating pro
grams that attempt to simulate its 
various aspects. One such program, 
written by Dawkins himself, was this 
department's subject more than a 
year ago [see SCIENTIFIC AMERICAN, 
February, 1988]. Dawkins' program 
displays biomorphs: computer-gener
ated forms that sometimes resemble 
living creatures. They evolve by a proc
ess of "artificial selection": the com
puter operator arbitrarily selects one 
of nine possible variant forms of the 
current biomorph as the basis for fu
ture generations of biomorphs. 

The biomorphs that emerge from 
Dawkins' program can be bizarre and 
amusing-and sometimes even life
like-but they cannot be said to have 
evolved naturally, that is, under inter
nal selective pressures. Yet Dawkins 
thinks it ought to be possible to write 
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A bug's turns are relative to its current direction 
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a computer program that mimics natu
ral selection. Computer-generated·spe
cies having such "evolvability" would 
radiate increasingly complex forms, 
which selection would pare to a man
ageable number. Moreover, the surviv
ing descendants would then have to 
be capable of evolving in new ways 
that were completely unavailable to 
ancestors. 

Palmiter's protozoan bugs certainly 
move us one step closer to Dawkins' 
goal. As a glance at the illustration on 
the opposite page reveals, the bugs 
(the white blips) live within a rectangle 
on which bacteria (the purple blips) 
are continually being deposited. The 
bugs pursue a life dominated by mov
ing and feeding on bacteria. Each bac
terium eaten by a bug provides the 
bug with 40 units of energy, which is 
enough to make 40 moves. In places 
where the feeding is rich, a bug may 
readily acquire 1,500 units of ener
gy in a few minutes. If that happens, 
however, a strange mechanism kicks 
in: all further eating does not benefit 
the bug until its energy level falls 
below 1,500 units. 

On the other hand, it may happen 
that a bug finds very little to eat over 
an extended period. In such a case the 
bug's energy reserves could gradually 
drop to zero. At that point it would 
appear to sit morosely for a few cycles, 
as though pondering its end, and then 
wink out like a small light. 

A bug's success in finding food de
pends, of course, on the relative abun
dance of bacteria in its immediate 
neighborhood. Because the bacteria 
are deposited more or less uniformly 
within the white rectangle, if localized 
feeding has depleted the bacteria in 
one place, they are bound to be plenti
ful elsewhere. Some bugs appear to 
get to the areas of relative abundance 
quicker than others. It all depends on 
the moves a bug makes-its search 
pattern, so to speak. 

The Darwinian scenario of the pro
gram Simulated Evolution, albeit ab
stract, hinges on the "genes" that gov
ern the way a bug moves. These par
ticular genes probably do not exist 
in real protozoa, but Palmiter's bugs 
have six of them. They are labeled F, R, 
HR., RV, HI. and L for Forward, Right, 
Hard Right, Reverse, Hard Left and 
Left. (All directions are expressed 
from the bug's point of view. Normal 
turns amount to 60 degrees in one 
or the other direction, whereas hard 
turns are 120 degrees.) 

On any given move the bug heads in 
a direction chosen by lottery: the pro
gram picks one of the six possible 
directions from a kind of mathemati-
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cal hat. If the program chooses L, for 
example, the bug makes a 60-degree 
turn to the left. The probability that a 
particular direction will be chosen is 
given by a value assigned to the corre
sponding gene. Hence the higher a 
gene's value, the greater its contribu
tion to the bug's overall pattern of 
movement. If, for example, a bug has a 
large L value in relation to the other 
five gene values, the bug will spend a 
lot of time veering to the left. 

Every possible combination of gene 
values results in a different general 
pattern of movement, and whatever 
a bug's genetic makeup may be, the 
bug is stuck with it for life. It can only 
hope (to be somewhat anthropomor
phic) that its offspring will do better. 

After a bug has made 800 moves, it 
becomes "mature" and is ready to re
produce. It does so only if it also 
happens to be "strong," that is, if it has 
1,000 or more units of energy stored 
under its electric-white membrane. 
Paramecia undergo a process called 
conjugation when they reproduce, but 
the bugs fission: a strong mature bug 
splits into two new ones, each with 
half the energy of its parent. When 
that happens, the new bugs inherit the 
movement genes of the parent but 
with a small difference. The value of 
one of the genes in each offspring is 
increased or decreased slightly. 

Suppose, for example, a strong ma
ture bug has the gene values F = 3, 
R= 2, HR.=O, RV=-2, HI. = 0 and L= 1. 
Its two offspring, labeled A and B, 
might inherit the follOwing, mutated 
forms of that genetic makeup: 

A: F=4 R=2 HR.=O RV=-2 
HI.=O L= 1 

B: F=3 R=2 HR.=O RV=-2 
HI.=-1 L= 1 

As can be seen, in offspring A the F 
value has been incremented by 1, and 
in offspring B the HI. value has been 
decremented by 1. 

How will the offspring differ from 
their parent? Offspring A will have a 
slightly greater tendency to move for
ward than its parent did, whereas 
offspring B will have a slightly less
er tendency to make hard-left turns. 
Such small shifts in tendencies are 
barely perceptible on the computer 
screen to a trained observer. 

In its simplest mode, Simulated Ev
olution starts out by endowing 10 
bugs with a random genetic structure, 
which causes the great majority of 
them to jitter from side to side in an 
unpredictable manner. As a rule such 
"jitterbugs" exhibit a high death rate. 
They simpy tend to eat up most of the 

"Jitterbugs" slowly evolve into "cruisers" 

food in their immediate vicinity and 
then jiggle themselves into starvation 
on barren ground. Nevertheless, some 
do survive. 

Generation succeeds generation ev
ery minute or so. This miniature life
and-death struggle makes for absorb
ing viewing, but the drama is great
ly heightened after several minutes, 
when the viewer becomes aware that 
some of the bugs have begun to be
have differently. They do not jitter; 
they bobble. Then, a few minutes lat
er, there are bugs that tumble. After 
20 minutes or more one can see bugs 
that glide-at least for short distan
ces. These bugs appear to do much 
better than their jittery ancestors. In
deed, they proliferate before one's 
very eyes for precisely that reason. 

In due course "cruiser" bugs devel
op that move forward most of the time 
but turn every now and then. This 
means they are almost always mov
ing toward denser populations of de
licious purple bacteria. Once the be
havior is established in just a few in
dividual bugs, it comes to dominate 
the entire population, since the cruis
ers end up gathering the lion's share 
of the food. 

Although the cruisers constitute a 
species of sorts, there nonetheless is 
still some variation within the cruiser 
population. For example, some cruis
ers turn more often to the right than 
to the left whereas others favor left 
turns. There are also occasional set
backs, of course. Some cruisers spawn 
maladapted descendants. A common 

genetically transmitted disease is the 
"twirlies," wherein a bug makes too 
many turns in one direction. Such un
fortunate creatures usually die with
out having known the joy of fission. 

It is interesting enough to watch the 
cruiser species emerge, but Palmiter's 
program offers more. What if there 
is variation in the environment? Will 
more than one species evolve? That 
question is answered by running Sim
ulated Evolution in a mode in which 
the screen looks much the same ex
cept for a particularly rich patch of 
bacteria in the lower left-hand corner. 
The bacteria in that patch are replen
ished at a much higher rate than nor
mal [see illustration on next page). Pal
miter calls that bountiful area the Gar
den of Eden. 

As generations of bugs come and go, 
the cruisers evolve as before. But with
in the Garden of Eden something quite 
different happens. A few lucky jitter
bugs that have stumbled into the bac
terial banquet are promptly rewarded 
for their lack of an organized feeding 
method. Jiggle as they will, food con
tinues to surround them. 

As food becomes scarcer in the Gar
den of Eden, however, a subtle envi
ronmental pressure begins to operate. 
Jiggling and jittering soon are no long
er viable strategies. That is when the 
twirlers make their appearance. What 
normally is a disastrous genetic defect 
is actually an advantage in an over
populated Garden of Eden. Indeed, in 
the course of time those bugs with a 
strong tendency to turn in one direc-
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The Garden of Eden (left) fosters the evolution of ''twirlers'' (right) 

tion predominate in the garden. The 
reason is obvious. A bug that turns 
frequently in the same direction, say 
to the right, will tend to remain in the 
Garden of Eden longer than its jittery 
ancestors. 

Within a few hours at most the Gar
den of Eden is populated almost ex
clusively by highly specialized twirlers 
that might as well be called nervous 
orbiters. They follow a specific orbit 
for many cycles and then suddenly 
move just one square away and repeat 
the orbit, sweeping up bacteria with 
each shift. 

Is the Simulated Evolution program 
a valid model of biological evolution? 
Only in a very limited sense. It shows 
how an environment can favor certain 
variations in offspring, leading ulti
mately to the formation of new spe
cies. But that is as far as the similari
ties go. Once one or two stable bug 
species have emerged, nothing else 
happens. What would it take to real
ize Dawkins' dream of an indefinitely 
continuing computer-generated evolu
tion? Perhaps nothing less than a min
iature universe inside the computer. 

Readers who would like to study the 
subject can order a copy of Simulated 
Evolution for $39.95 from Life Science 
Associates, a small educational-soft
ware company. The address is 1 Feni
more Road, Bayport, N.Y. 11705. The 
program runs on IBM PC and compati
ble computers, and it comes with an 
elaborate manual. For those relatively 
advanced programmers who prefer to 
write their own version of Simulated 
Evolution, I shall now describe BUGS, 
my name for a Simplified version of 
the program. 

A BUGS bug can be represented by a 
small square that has three pixels on a 
side. The six directions in which such 
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a bug moves can then be illustrated 
as they are on page 138. A simple ta
ble specifies how the coordinates of a 
bug's central pixel change depending 
on the direction in which the bug is 
heading. The table contains two six
element arrays, xmove and ymove. 

dir 0 
xmove 0 
ymove 2 

The direction in which a bug is head
ing (with respect to the computer 
screen) is given by the value of the 
variable dir. The corresponding num
bers in xmove and ymove indicate by 
how many pixels, in the horizontal 
and vertical directions respectively, 
the bug must accordingly be shifted 
on the screen in a single move. If, for 
example, a bug is headed in direction 
2, it must be shifted to the right by two 
pixels and down by one pixel, since 
xmove(2) = 2 and ymove(2) = - l . 

BUGS determines the direction of 
motion for each of the creatures in its 
charge by consulting a formula based 
on each bug's genetic code, which is 
contained in a two-dimensional array 
called gene. The element gene(k,j) 
contains the jth gene value of the kth 
bug. In the formula each gene value 
is made an exponent of 2 in order 
to avoid having to deal with negative 
numbers. The probability that a bug 
will move in direction d is then found 
by dividing 2 raised to the d-gene 
value by the sum of 2 raised to each 
of the gene values. For example, the 
probability that the bug will next turn 
hard left is the result of dividing 2HL by 
the sum 2F + 2R + 2HR + 2RV + 2HL + 2L. 

In this manner BUGS calculates six 
probabilities for each of the possi-

ble moves. When the probabilities are 
added up, the result naturally is 1. One 
can think of the probabilities as six 
different ranges that together span a 
number line extending from 0 to 1. In 
other words, if the probabilities for 
the six different directions of motion 
are represented by Po through Ps, then 
range 0 consists of the interval from 0 
to Po, range 1 consists of the interval 
from Po to Po + PI' range 2 consists of 
the interval from Po + PI to Po + PI + P2 
and so on. 

In each cycle BUGS then determines 
a new value for the direction of mo
tion for a particular bug by selecting a 
random number between 0 and 1, see
ing in which range it has happened to 
fall and assigning the range number 
to the variable turn. In this scheme, 
then, turn equals 0 for F, 1 for R, 2 for 
HR, 3 for RV, 4 for HL and 5 for L. 

A few simple statements complete 
the motion algorithm: 

dir<,- dir+ turn (mod 6) 
bugx(k) <,- bugx(k) + xmove(dir) 
bugy(k) <,- bugy(k) + ymove(dir) 

The arrays bugx(k) and bugy(k) con
tain the kth bug's current coordinates. 

In the first line the current direction 
dir is changed by adding the result of 
the turning lottery embodied in the 
variable turn. Addition must be mod
ular. For example, if dir= 5 (which 
means the bug is heading up and to 
the left) and turn = 2 (which means it 
needs to turn hard right), the new 
value for dir will be 5 + 2 (mod 6) = 1, 
and the bug's next move is up and to 
the right. 

BUGS must move all bugs according 
to this formula, at each step checking 
whether a bug has hit a barrier or 
landed on a bacterium. In addition it 
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must keep a record of each bug's age 
and energy supply in order to deter
mine whether a particular bug should 
be extinguished or allowed to fission. 
When a bug is ready to fission, the 
program merely replaces the old bug 
with two new ones at the same loca
tion. These inherit the old bug's gene 
values except that a randomly se
lected gene value is increased by a 
certain amount in one offspring and 
another randomly selected gene value 
is decreased by the same amount in 
the other. 

This description of BUGS will be 
enough for some to try their hand at 
writing the program. Those who find 
the description a bit spare may order 
a more detailed algorithmic outline 
from me, enclosing a check or money 
order for $2 to cover costs. 

E
nthusiasm for the fractal-gener
ating program SLO GRO, which I 
described in last December's is

sue, did not grow slowly. A hefty bag 
of mail hinted at the continuing inter
est in fractals in any shape or form. 
The program can be described scien
tifically as a simulator of the diffu
sion-limited aggregation, something 
we see in the formation of certain 
minerals, electrolytic plating of metals 
and even in the accumulation of soot. 

The SLO GRO recipe was sufficiently 
simple for many readers to follow, and 
many in fact did so. The basic algo
rithm involves the injection of a ran
domly walking "particle" into a cir
cle from a random point on the cir
cle's circumference. When the particle 
comes in contact with a stationary fel
low particle, it too ceases to move and 
thus produces an aggregation of parti
cles. The program was easy to write 
but was somewhat painful for cer
tain people to watch. Why should they 
spend their time watching a point 
of light jittering for what seemed 
forever? As a result several readers 
thought of changes in the algorithm 
that speeded its operation. 

Edward H. Kidera IV of Columbia, 
Md., achieved a definite speedup by 
starting with a small circle and steadi
ly increasing its radius as the aggrega
tion grew. A number of readers also 
made suggestions for speeding up the 
test for contact with a crowd of fellow 
particles. The test involved comparing 
the particle's neighboring pixels with 
the recorded positions of every parti
cle in the growing crowd. 

Ronald C. Read of the University of 
Waterloo in Ontario made the follow
ing suggestion on this very point. "For 
those who use BASIC (as I'm sure many 
of your readers do) there is a much 

easier way. That is to use the POINT 
command of BASIC in order to tell 
whether the pixel in question has been 
given a color. In effect, then, one is 
using the screen as a storage device." 

Most impatient of all was William H. 
Pratt of State College, Pa. Why make 
the particle wander randomly at all? 
\-Vhy not just give it a random position 
next to the growth itself ? Pratt was 
dismayed, however, to find that his 
growth looked nothing like last De
cember's illustrations. It certainly was 
ragged about the edges but more sol
id-a different creature altogether. 

Pratt was unknowingly playing with 
what is known as Richardson's growth 
model, a favorite research tool of a 
group of mathematicians called "the 
particle mafia." These investigators, 
some of whom are based at the 
University of Wisconsin at Madison, 
have been studying a great variety of 
growth models for more than a dec
ade. I hope to report on a recent visit 
to Madison in a future column. 

In January this department featured 
people puzzles: logic puzzles that can 
be solved only by thinking about what 
other people are thinking. An entire 
class of such puzzles was represent
ed by three philosophers who awoke 
from an afternoon slumber under a 
tree. Each philosopher noted that the 
foreheads of the other two had appar
ently been befouled by a bird. Only in 
the course of the ensuing laughter did 
the wisest of them realize that his own 
forehead was decorated. How did he 
make the deduction? 

It had not occurred to me, as it did 
to James D. Klein of College Place, 
Wash., that there is a two-philosophers 
puzzle of sorts. Klein tested his own 
children with the story of a pair of 
workmen who fall from a scaffold 
onto the ground. The fall does not 
hurt either of them, but it does dirty 
the face of one. Why did the workman 
with the clean face rush to wash up 
while the one with the dirty face mere
ly went back to work? Klein writes, "It 
is interesting to hear them think out 
loud and watch their eyes as the solu
tion dawns." 

Another people puzzle was bor
rowed from Dennis Shasha's book The 
Puzzling Adventures of Dr. Ecco. In 
this conundrum two 19th-century gen
erals whose armies are separated by 
a ridge of land decide to coordinate 
their attack on the enemy by sending 
messages by carrier pigeon. But what 
message to use? If the first general 
sends the message "Attack at dawn," 
he must wait for a return message 
from the second general to confirm 
that he has received it. What if one 

of the pigeons never makes it to the 
other side? And even if both pigeons 
arrive at their destinations, how does 
the second general know that his con
firmation has been received? An infi
nite regress of messages appears to be 
inescapable. 

The generals' predicament remind
ed Warner Clements of Beverly Hills, 
Calif., of a little-known off-Broadway 
play that involved a would-be dou
ble agent shuttling back and forth be
tween two hostile nations. It begins 
when the agent learns that country A 
has broken the secret military code 
of country B. The agent goes to B in or
der to sell that country's intelligence 
officers the information. "We already 
know that," the officers say. The agent 
is at first discouraged but then real
izes he can sell that information to 
the intelligence officers of country A. 
They in turn reply, "We know the B's 
have broken our code. We have been 
sending them false information!" The 
agent rushes back to country B: "Do 
you realize the A's know you have 
broken their code?" "Oh yes," reply the 
B officers. The agent returns to the A's 
to apprise them of the situation, and 
so on. How long might the agent have 
to continue the back-and-forth jour
neys, bearing an ever lengthening mes
sage about what the other side knows? 
Although in this puzzle the two mil
itary factions are not coordinating 
but competing, it makes the solution 
no easier-there not being one. 

More down-to-earth people puzzles 
involved real people in everyday situ
ations like those studied by the late 
Erving Goffman, a SOCiologist. I asked 
for examples and received several, in
cluding one from P. M. Cambeen of 
Muiden in the Netherlands. During 
World War 11 an officer in the German 
force occupying Holland expressed to 
a resident his puzzlement at Dutch 
people's attitudes. He was told: "The 
Dutch have three virtues. They are in
telligent, loyal and pro-Nazi. Any giv
en Dutch person, however, has only 
two of these virtues and the opposite 
of the third." While the logical impli
cations of his statement were being 
worked out by the officer, the wit had 
enough time to get away. 

FURTHER READING 
THE BLIND WATCHMAKER. Richard Daw

kins. W. W. Norton & Company, 1987. 

ARTIFICIAL LIFE: THE PROCEEDINGS OF AN 

INTERDISCIPLINARY WORKSHOP ON THE 

SYNTHESIS AND SIMULATION OF LMNG 

SYSTEMS HELD SEPTEMBER, 1987, IN Los 

ALAMos, NEW MEXICO. Edited by Chris
topher G. Langton. Addison-Wesley 
Publishing Company, Inc., 1989. 
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BOOKS 
The big chill, the war god's sister, 

keys to secrets, the galaxies in color 

by Philip Morrison 

THE LITTLE ICE AGE, by Jean M. Grove. 
Methuen & Co. Ltd. ($ 144). 

A Lady from Philadelphia, seen in an 
18 9 9  photograph wearing the long, 
full skirt and wide-brimmed hat pre
scribed for proper outdoor guests at 
the Glacier House Hotel nearby, can be 
seen to have taken a few blows with 
her ice axe at the dusty tongue tip of 
the receding glacier. She was Mary 
Vaux, the amateur who along with her 
family systematically measured and 
photographed five glaciers in the Ca
nadian Rockies during 25 years of 
summer holidays, the first New World 
reconnaissance of the shrinking ice. 

The Alpine glaciers had drawn trav
elers and artists for centuries. Recent
ly a Zurich scholar, H. ]. Zumbiihl, 
combed the collections of half of the 
continent to find 300 representations 
of the Lower Grindelwald glacier made 
between 1640 and 1900. He dated 
them all scrupulously and established 
the precise viewpoint of each artist. 
( "Some masterpieces turned out to be 
quite unsuitable.") The ice front was 
found to have moved, every few dec
ades, several hundred meters toward 
or away from a roughly constant posi
tion. Since 1850 the Grindelwald has 
been in overall retreat ; it lies now 
about 1.5 kilometers farther upvalley 
than it did in the oldest records. 

The rich chronicles of the region of 
Mont Blanc noted the early advance of 
the ice sometime around 1550. E .  Le 
Roy Ladurie, in his pioneering history 
of climate published in 1971, was the 
first to sift for hard fact the plentiful 
17th-century French accounts of the 
"impetuosity of a great horrible gla
cier." Some of the old tales are embel
lished, but some remain compelling. 
In 16 90 the frugal peasants of Chamo
nix even underwrote the expenses of a 
visit from the bishop of Geneva so that 
he might exorcise the grim intruder 
from their pastures and farmyards. 
The ice reverently withdrew-but only 
for a few years. 

It is the particular virtue of this 
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comprehensive and absorbing study 
that Jean Grove, a Cambridge geogra
pher caught up for 20 years in the web 
of climate and history, has brought 
the same fresh and informed compar
ative examination to the work of the 
geologists that we recognize in her 
first-rate historical scholarship. Plain
ly this topic invites such unity: the 
geologists need all the help they can 
get, once they seek to study the most 
recent of the Recent, quick bites out 
of geologic time. How could physical 
dating methods name individual peak 
years of cold weather? 

The impressive long runs of some 
single, half-capricious if conspicuous 
correlation, such as the annual date 
of the leafing out of the beeches or of 
the first cherry blossoms, are scarcely 
to be trusted. They depend on spe
cial attributes of the weather. A wider 
mark is the persistent failure of many 
crops. The winter of 16 95 was long 
and hard, the coldest year of a cold 
decade; glaciers grew and famine took 
a major toll in Finland, Estonia, Nor
way and Scotland. The year 1771 was 
the worst in a run of wet and snowy 
summers in central Europe, again a 
time of famine and the beginning of a 
decade that witnessed a rapid advance 
of the Swiss glaciers. The year 1816 
was without a real summer on both 
sides of the North Atlantic; corn was 
mostly lost, hay yielded a small crop 
but wheat and rye were fair to nor
mal. Governments and farmers both 
moved in that year and afterward to 
surmount what ]. D. Post called the 
"last great subsistence crisis in the 
Western world." 

Let earth science speak. It does not 
claim year-by-year time resolution. 
Even the annual count of tree rings 
(say in the wood fragments found bur
ied in the gravel banks, called mo
raines, that receding glacier tongues 
abandon in their slow retreat) cannot 
give a tight date. Except for the rare 
case when an erect tree was sheared 
off in full growth by encroaching ice, a 

tree might have lived on as ice crept 
over it, or it might have died years 
earlier from the cold breath. 

Two new dating schemes have been 
applied to the recent past. One scheme 
is based on the growth of lichens on 
bare rock. The sizes of the patches 
must be calibrated on the spot, taking 
account of lichen species and rock 
surface. The other measure rests on 
the weathering of rock fragments, say 
of sandstone. The depth of the textur
al changes that constitute the weath
ered rind of the fresh rock also needs 
to be calibrated. These clever new 
methods seem less than surefire. But 
error is demonstrable too when car
bon-14 decay is small (as it is over 
times measured in centuries, only a 
few percent of the mean lifetime of 
decay). The activity of old wood has 
been counted, tree ring by tree ring, 
to show substantial deviations in the 
indicated carbon dates by as much as 
50 or 100 years over the past few cen
turies, even allowing for the known 
magnetic-pole shift that affects the 
cosmic-ray source of radiocarbon. Per
haps the cause is a variation in cos
mic-ray flux that depends on solar 
activity. 

Even if geologists are fuzzy tim
ers compared with the careful bureau
crats and the artists, their reach in 
space and time is breathtaking. Mostly 
by dating glacial deposits from sam
ples of wood and soil found within 
them, geologists have inferred glacial 
growth and waste from Patagonia to 
Kanchenjunga, from Mount Kenya to 
the Southern Alps of New Zealand. It is 
pretty clear that the Little Ice Age was 
worldwide. The shrinking and extend
ing glaciers kept pace north and south, 
given a decade or two of lack of syn
chronicity. The same kind of data 
show that the change was not single or 
smooth but was modulated, although 
never so much that the northern sea 
ice withdrew as far as it had in the 
balmy times of the Norse voyages to 
Greenland. (Leif the Lucky was just 
that.) Most glaciers have grown and 
dwindled by turn a few dozen times in 
the 10,000 years since the great ice 
cap left Wisconsin, probably because 
the mean global temperature has var
ied up and down by three or four 
degrees Fahrenheit. 

The book opens with a chapter on 
methods. Then it recounts the signif
icant observations of the Icelanders, 
those keen naturalists and eloquent 
poets, during 1,000 years of struggle 
against both winter's ice and volcanic 
fire. The chapters widen in geograph
ic scope, first to Norway, then to all 
of mountainous Europe and finally to 
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indispensable desk reference for anyone in 
the biochemical sciences. "A brilliant achieve
ment .... " -Dr. John Powers, Pace University 
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the entire glacial world (except for 
the Antarctic ice cap, a particularly 
slow-responding mass of ice). Three 
chapters discuss causes, consequen
ces and the long run of 10 millen
niums. Nearly 2,000 works are refer
enced, although the 19 86 volume by 
Friedrich Rothlisberger, who has car
ried out the most elegant worldwide 
moraine studies, came just too late. 

Will the carbon dioxide from our 
forest clearings and engines rout the 
glaciers, flood cities and plains, shift 
croplands? Is the rapid recession of 
the ice since 1850-it remitted a little 
in the 1970's-really a harbinger? (Its 
beginning came rather too early to 
have reflected any major industrial 
effect.) Or will another Little Ice Age 
return instead on the wings of solar 
variation, volcanic sulfates or subtler 
feedback systems based on ocean up
welling or snow and ice reflectivity? 
We do not yet know; one hot summer, 
like one bishop, does not end the pros
pect of icy centuries. "It might be wise 
not to assume that a return to Little 
Ice Age conditions is entirely out of 
the question." 

THE GREAT TEMPLE OF THE AzTECS: 

TREASURES OF TENOCHTITlAN, by Ed
uardo Matos Moctezuma, translated 
by Doris Heyden. Thames and Hudson 
Inc. ($29.95). 

Time after time rejected as neigh
bors, the Mexica Aztecs under Tenoch 
wandered with their strange gods to 
an island set in the swampy lake of a 
lonely mountain valley. There all pros
pered, gods and men alike. It was the 
year AD. 1325. A great temple was 
soon raised to honor both the fierce 
god of sun and warfare and the quiet
er deity of rain and sustenance. Six 
times during the next two centuries 
the twin stepped pyramids that simu
late mountains were enlarged anew in 
dressed and sculptured stone as the 
Mexican state extended its sway, not 
by widening its borders but by extort
ing rich tribute from its neighbors in 
exchange for peace. 

In 15 19 the "tall but accursed" tem
ple of white-plastered masonry, about 
20 years into its seventh stage, stood 
at the junction of three resplendent 
causeways over the waters. The lake 
was busy with the laden canoes and 
luxuriant gardens of 200,000 well
ordered subjects. The bicentennial of 
the temple was at hand, but it nev
er came. Vengeful war and terrible 
plague reached the god of war first, 
the attack speared by a few iron-hard 
Spaniards leading their many Indian 
allies. The gods fell along with their 
temple, itself leveled stone by stone. 
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In a couple of decades the throngs 
would gather as they always had in the 
wide temple precincts. But no longer 
did they watch the bloodied priests 
fling dismembered bodies down the 
war god's steep steps; they viewed and 
took their parts in Christian plays and 
rites that ended in mass baptisms. The 
cathedral that had replaced the towers 
was built of their very stones, reset 
"by an abundance of people ... singing 
and shouting" as they hauled. "It is 
customary ... that the Indians cover 
their own expenses; they find the ma
terials and pay the stonecutters ... 
and if they do not bring their own 
food, they fast." The National Palace 
rose on the site of Motecuhzoma II's 
own sumptuous dwelling; his zoo with 
its jaguars and foxes, its rattlesnakes 
tenderly reared in feather-filled bins, 
his aviary of iridescent birds, his fra
grant gardens and the busy work
shops of his subtle artisans were all 
gone, with hardly a trace aboveground. 

At first the vanquished gods con
cealed themselves only a little. "The 
unmistakable image or idol was hid
den behind some masonry work ... or 
within an altar." Soon the Spanish dis
placed the central square of their city 
a little to the south to abandon the 
unholy altars. Bit by bit the lake itself 
was drained; the new broad roofs and 
paved streets spread out as though to 
impede the soaking rains of renewal. If 
the gods were not dead, they were not 
to be seen among all those figures of 
saints and the Virgin. 

In 1790 the time came for practical 
men to dig into the plaza, to bring 
it water pipes and paving. From the 
underworld the old gods suddenly re
appeared: first of all was an eight
foot statue of Coatlicue, the mother 
goddess, "She of the Serpent Skirt," 
cat-clawed and bedecked with carved 
human hearts and hands. She was 
quickly reinterred. That prince of En
lightenment travelers, Alexander von 
Humboldt, wrote: "The professors, at 
that time Dominican priests, did not 
want to exhibit this idol to the Mexican 
youth so they buried it again in one of 
the halls" at the university. On his visit 
in 1803 Humboldt pleaded for a look 
at the dazzling antiquities. For him 
they dug fearsome Coatlicue up from 
her new, shallow grave. 

A map of a few central blocks of the 
old city shows, along with the subway 
station, the parking garages, the cathe
dral and the mint, no fewer than 10 
sites where since 1790 signs of god
head have been excavated, usually by 
inadvertence, although in this centu
ry also by the probing archaeologists. 
Professor Matos, now director of the 

renowned National Museum of An
thropology and a leader in both 'field
work and interpretation, was in the 
early stages of a project to consider 
excavation of the Great Temple area 
when early in 1978 he heard the great 
news: "Workers from the Electric Light 
Company" digging at an intersection 
in the heart of the city had come on 
a large carved stone. They put their 
tools aside for the day and telephoned 
the salvage archaeologists at the Na
tional Institute of Anthropology and 
History. Four days' work disclosed a 
10-foot disk that bore in low relief the 
representation of a dismembered fe
male nude. In a photograph we see the 
author taking casts from that new
found red disk where it lay, six feet 
below the level of the busy streets. 

Most of a city block was then laid 
bare, only a small part of the temple 
precinct reported by the chroniclers to 
have held 78 structures in its 65 acres. 
We see it here in good photographs: 
details of the frogs and serpents in 
stone that adorn the broad terraces, 
and overall views of walls and tiers 
and interspersed layers of rubble fill 
that was set between successive stag
es of the edifice as it grew. The first 
level has not been reached; it is still 
down there in the waters, for the lake 
has not vanished but-like its gods
has gone entirely underground. The 
seventh level was cleared almost com
pletely by the conquerors. No more 
than a layer of the platform a meter 
thick remained along one side. We are 
given a line drawing that re-creates the 
Templo Mayor standing among the 
buildings of today, a cutaway of the 
stages that are there superposed and 
a careful plan shOwing the present 
exposure of each level. The intricate 
finds are made reasonably clear ; this 
is not a monograph for the expert but 
a brilliant summary. Even a general 
reader could wish for more detail. 

The temple is filled with offerings; 
some were held in special enclosures, 
but even when they were simply bur
ied loose in the fill, their axial loca
tions and their spatially ordered con
tents identify them. In the later stag
es of the structure, when its growth 
was fastest, four-fifths of the finds 
are exotic, given in tribute or brought 
by the Aztecs from some other state. 
Estimates based on Spanish chroni
cles suggest that a major part, perhaps 
half or even more, of the gross nation
al product of the Mexica came as trib
ute borne by porters from afar, tens of 
thousands of men on the road to or 
from the valley at any given time. The 
rest was the handiwork of the artisans 
of the Valley of Mexico and the fruits 
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of their verdant and varied gardens, 
grown in beds patiently raised above 
the shallow waters of the lake. 

Among the treasures, unexpected 
but glorious, is a pair of life-size fig
ures made of joined pottery. They are 
Eagle warriors in their regalia: tal
ons at the ankles, plumed wings along 
the arms and a helmet like a raptor's 
open beak, out of which the elite sol
dier looks in all dignity. Three superb 
conch shells sculptured in hard stone 
at a scale greatly enlarged from life are 
found among much more from the 
hands of sculptor and lapidary. 

Written records and manuscript 
drawings remain in plenty from the 
post-Conquest years; these wonder
ful chronicles retell the myths and 
describe the customs of the Aztec 
world, even to royal history. The wit
ness of the spade confirms and ex
tends the old tradition. In a brilliant 
chapter Matos demonstrates how here 
men first created gods in their own 
images-a war god to ennoble war for 
this warrior state-and then reenacted 
their own myths in ritual, with living 
(and indeed dying) actors to carry out 
the high ceremonies of the temple. 

The goddess of the find of 1978 is 
the war god's sister. In myth he was 
once obliged to decapitate her and to 
throw her dismembered body down 
the sacred mountain slope. That pow
erful relief was found just where it 
belonged, on the platform at the base 
of the steep stairs of the war god's 
pyramid, where many a prisoner of 
war was sacrificed to recapitulate the 
conflict of the godly siblings. 

The terrible and beautiful gods are 
no longer in hiding. In 1965 a plaque 
was installed north of the city center 
to mark the very spot of the final 
heroic stand of Aztec power. In 1521, 
it recalls, "Tlatelolco fell to Hernan 
Cortes. That was neither a triumph 
nor a defeat, it was a painful birth of 
the mestizo people who are the Mexi
co of today." This absorbing volume is 
more than an attractive archaeologi
cal report; it is a work that touches 
the springs of a vivid national history. 

CODES AND CRYPTOGRAPHY, by Dom
inic Welsh. Oxford University Press 
($5 9.95; paperbound, $29.95). 

In a world where innumerable long 
strings of characters flash by, beset by 
both random and cleverly contrived 
noise, the old and subtle art of coding 
has become a powerful and imagina
tive branch of applied mathematics. 
An Oxford mathematician has pre
pared this up-to-date, brief, lucid but 
by no means simple textbook on the 
topic. Aimed at well-prepared under-

graduates, it is not for the nonmathe
mati cal, although a determined novice 
might seek speCific answers here. A 
reader will enjoy proofs formal and 
informal, helpful examples and know
ing summaries of the bold conjectures 
and instructive missteps that fill this 
lively literature. ( Some modern alge
bra and elementary probability and a 
good deal of purposeful thinking are 
prerequisites.) 

Among the earliest papers "to treat 
cryptography as a piece of formal 
mathematics" were a few published 
in about 1930 by L. S. Hill. They took 
some of the clever rearrangements of 
the traditional cipher into the wide 
domain of linear transformations. But 
the present stream of thought owes 
most to the seminal postwar work of 
Claude Shannon on communication 
theory. Indeed, most of the first half of 
this book is a fine review of Shannon's 
remarkable results, based on his care
ful-here it is even axiomatized-defi
nition of informational entropy and 
what follows from it. Real channels 
have noise; we see proved the limits 
and opportunities of encoding to min
imize error. The best of codes will not 
beat the ideal channel capacity, al
though there are clever ways to draw 
near to it even through the noise. The 
space of error-correcting codes and its 
algebra and geometry are examined 
briefly but closely, and we end up with 
natural language sources and their 
empirical redundancies. 

The string DM QASCjDGF . . .  is not 
English but a string of idly random 
letters, a zero-order approximation. By 
going to the second-order approxima
tion, letters chosen from a book to 
follow two chosen predecessors, we 
are likely to recognize HE MEAT BEIS 

HEDE . . . as being drawn from English 
(Runyon), SENECTOR VCI QUAE . .. as 
Latin ( Cicero) and MAlTAIS DU VEILLE
CAL . .. as French. In a few pages we 
meet the most familiar ciphers and 
confront them. Shannon defined the 
now classical approach: a cryptosys
tem is a triple set of strings-messag
es M, keys K and ciphertexts C, with 
the two-way mappings or algorithms 
that link them. Breaking a cipher sys
tem is finding the right key to read any 
Ciphertext, assuming that the map
ping scheme is known. 

It is the space of the unknown keys 
that we fix on. Perfect secrecy is de
fined as a system such that the statis
tical entropy of a message without its 
ciphertext is no different from that of 
the same message with the Ciphertext. 
For this definition it is enough (and it 
is necessary as well) that there be at 
least as many keys as there are mes-

sages! Enter the one-time pad of the 
secret agent (actually it was devised 
for teleprinters in 1926, long before 
the theory, by G. S. Vernam). In this 
system each message is given its own 
individual random key and hence en
codes into an entirely random cipher
text, correlate what you will. It is al
leged that this scheme is still in use 
for the very highest levels of secret 
communication; if it is, practice hon
ors the beautiful theory. 

In the final chapter the idea returns 
in its new, rather flawed computer
based avatar. We know no fast way to 
generate all those truly random se
quences, keys for the one-time pad. 
Our computers send us pseudoran
dom strings all the time, dubbed ran
dom but in fact generally cryptograph
ically insecure. For instance, the pa
rameters of the most popular iterative 
generator that forms the courtesy 
"random number" in your computer 
from a seed number can be recovered 
by reasonable computation from a 
rather short list of the early numbers 
it generates. Maybe the idea of entropy 
itself is due for generalization. 

The break between the classical the
ory and the current one came in the 
1970's, when the theory of compu
tational complexity emerged. Given a 
string of n bits, how long does some 
computation with that string take? Of 
course, it depends on n. A useful clas
sification separates all calculations 
into two: those whose completion re
quires a number of repeated basic 
operations that grows no faster than 
some finite power of n and those 
whose working out requires actions 
more numerous than that, effective
ly exponential in n. Anyone could mul
tiply two n-bit numbers in about n
squared operations with the familiar 
schoolboy long multiplication, paper, 
pencil and much patience. By first 
forming several smaller numbers out 
of the data you can do much better. It 
looks as though a safe lower limit is n 
operations (you must at least take 
account of all the data) and in 1971 
Schonhage and Strassen told us how 
to do it by their Schnelle Multiplika
tion in about (nlogn)(log(logn)) steps, 
which for a million-digit number beats 
the long scheme by a factor of 100,
OOO-only tenfold worse than the low
er limit. 

The celebrated codes with public 
key emerged. Computer networks en
courage sending confidential messag
es in vast numbers to hordes of au
thorized recipients, say routine trans
fers of funds to banks everywhere. If 
you distribute one-time keys, you will 
work very long hours. If you distribute 
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many trickier, shorter keys, you face 
eventual leakage. The neat solution is 
to publish a partial key K for every
one, along with a published scheme 
for applying it. The secret of the mes
sage is kept because each user holds 
on to a private key L, without which 
the public one is useless. It must be so 
that given Mand K, the cipher Cis easy 
to compute. Then it must also be that 
given C, Kand L, the message Mis easy 
to form, although if all you know are 
C and K, M takes exponentially long. 
There have to be huge numbers of key 
pairs K and L as well, so that no one 
with a CRAY can simply exhaust the 
list. Everything is made public except 
each particular private key L. 

The realization offered for this by 
half a dozen workers in the 1970's is 
based on the long-tested conjecture 
that there is no easy way to factor 
numbers that are the product of two 
large primes-no way that is not ex
ponential in n. (There are related 
schemes that work, and plausible un
related proposals later shown to be 
doubtful.) These clever schemes lead 
to outrageously number-crunching ci
phers. They would be absurd without 
digital computers; they suit the age. 

Indeed, the present legal standard 
for the encryption of data is one such 
scheme. It incorporates a 56-bit key, 
which was adopted against the ob
jections of the pioneers of the meth
od. That key length is too short to be 
fully safe against brute-force factor 
searches, which may be practical for 
the basementful of supercomputers 
at the National Security Agency. The 
Federal agencies kept straight faces 
and fingers crossed when the standard 
was adopted, but we are told that 
the NSA is not prepared to approve 
the marginal algorithm again when it 
comes up soon for its lO-year review. 
(Indeed, in late 19 8 8  a number 100 
decimal digits long was factored into 
two primes by a worldwide parallel
processing combine, taking the free 
slack time of 400 mainframes for about 
one month!) 

Sharp reasoning and helpful intro
dUctions, profound issues and some 
history, accounts of state-of-the-art 
computation, problems and their so
lutions, a fine list of references-and 
politiCS too; this is a mathematics text 
of unusual vivacity recommended to 
any who are prepared to enjoy it. 

THE COLOR ATLAS OF GAlAXIES, by 
James D. Wray. Cambridge University 
Press ($79.50). 

A generation has grown up since 
Allan Sandage, whose insightful fore
ward graces this book, compiled his 

own wonderful atlas, celebrating and 
illustrating the Hubble classificcltion 
of galaxies by their form. Those big 
dramatic pages in black and white are 
unforgettable. Then Halton Arp issued 
his gallery of rogues-galaxies awry, 
nose to nose, even interlaced-evi
dence in black and white that galaxies 
are not always loners but often evolve 
strongly through mutual tidal interac
tion. For the past decade and more a 
variety of galaxies have been shown to 
us in striking color, gaudy whorls suit
ed to Versailles under the old regime, 
fascinating but a little confUSing. 

Here is a richly coherent "museum 
collection of bright galaxies" in color. 
It presents images of some 600 gal
axies over the entire sky, north and 
south. The couple of hundred largest 
galaxies, reckoning by apparent diam
eter on the sky, are here complete 
(except for the four biggest and clos
est of them all, the two Magellanic 
clouds and the two familiar spirals of 
the Local Group). The rest sample the 
next-nearest systems of our super
cluster and go beyond it to include 
a few more-distant examples chosen 
for intrinsic interest. James Wray has 
made these portraits over some dozen 
years of painstaking work at the big 
telescopes of the McDonald Observa
tory in Texas and at a couple of Chile
an mountain stations. He kept scrupu
lous control over the color and surface 
brightness of his subjects by his vir
tuoso use of image intensifiers and 
filters to expose photographic col
or separations in three bands, giving 
much weight to the ultraviolet. The 
three distinct black-and-white images 
are combined by an elaborate dye
transfer technique into one colored 
image for reproduction. 

Wray's collection gleams here, each 
hue and form against a dark sky. Some 
of the exciting photographs span a full 
page and others are postage-stamp 
size, but they all present comparable 
visual data, the color values virtually 
independent of brightness. That is not 
usually the case for the showy color 
reproductions we see, in which bright 
centers always bleach out to an over
exposed white. 

The eye cannot see these hues in the 
sky: ultraviolet is beyond human col
or range and galactic light is in gen
eral too faint for visible color. But the 
photographic standardization of color 
chosen uncovers much deeper mat
ters. Massive newly formed stars dom
inate the blue knots; much older pop
ulations of cooler stars stand out in 
smooth yellow; here and there fluores
cent gas clouds glow in violet; regions 
appear green either because sunlike 
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stars are green in this system or be
cause short-lived blue stars are super
posed on staid old boroughs of yellow. 
(A single picture element may often 
sample the merged light of thousands 
of stars.) Dust commonly obscures 
and reddens; the forms of spiral arms, 
straight bars, thin disks, wide halos 
and brilliant cores hint at their dynam
ical stories. Galaxy by galaxy, color and 
form testify to evolution. For each im
age (along with a careful record of 
technique and scale) Wray has added 
a caption, keyed to the details of the 
image, in which he often outlines the 
story each galaxy seems to tell. 

The work is opened to the beginner 
by text and photographs that clarify 
the procedure. One bright blue knot is 
resolved into its dozens of constituent 
stars within the Andromeda galaxy. 
Individual bright blue young stars at 
the hot end of the main sequence 
dominate, although the redder giants 
and supergiants show clearly. Overall 
the light is blue. Only when the blue 
stars have spent their energies, some 
10 million years from now, will the 
knot fade, to turn first green and final
ly yellow, lighted then by many faint 
stars at the yellow-red end of the main 
sequence and by some bright red gi
ants. A single revolution of a typical 
galaxy is ordinarily a couple of hun
dred million earth years long, and so 
blue regions are fleeting. They can 
form, of course, at any time from the 
gas that is stars tuff, wherever and 
whenever the self-gravitating gas be
comes dense enough to collapse to 
give birth to a star. 

Normality among galaxies is marked 
by a bulging central yellow lens long 
populated by old stars. Many galaxies 
show nothing more. In them no new 
stars form. When there is a disk as 
well, it is often dusty and gassy, stud
ded by newly formed blue knots mark
ing out spiral lanes winding far from 
the center. There are plenty of such 
normal galaxies. But what shall we 
make of fresh blue knots scattered 
quite randomly over a faintly spiraling 
yellowish disk? The brightest ultravi
olet galaxy in the entire atlas shows 
only blue starlight; it is currently "one 
single mass of star formation." 

We know rather well how most stars 
evolve; the evolution of the galaxies is 
what we have to seek to understand in 
the next decades. This splendid com
pilation will challenge our proposals 
and illuminate our gains for a long 
time; in a decade when the digital 
image is gaining wide astronomical 
use, it is one of the most ambitious 
and attractive offerings of the past 
century of analog imagery. 
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ESSAY 
How we can regain 

our competitive edge 

by Simon Ramo 

E
very informed American knows 
that we have lost technological 
preeminence. Rival nations can 

equal our achievements in space, elec
tronics, biotechnology and computer 
hardware and software. Indeed, there 
are many fields in which the U.S. has 
now been surpassed. Entire domestic 
industries have died, bested by off
shore competitors. This is an extreme
ly dangerous development. If we do 
not excel in technology, our economy 
will falter and our standard of living 
will fall. 

Is the situation certain to improve? 
Hardly. We are investing a smaller per
centage of the gross national product 
in civilian research and development 
and in capital equipment than other 
countries are. Our industrial manag
ers and government officials are pre
occupied with short-term concerns. 

The education workers and manag
ers alike will need if they are to be 
effective in an increasingly technologi
cal society receives scant attention. 
Test scores rate our schoolchildren's 
education in science and mathematics 
well behind that of virtually all indus
trial nations. The fraction of our uni
versity students studying engineering 
has fallen to seven in 1,000; the figure 
for japan is 40. With technological 
advance increasingly tied to physics 
expertise, we have fewer physicists 
now than we did 10 years ago and are 
producing far fewer Ph.D.'s in engi
neering and the physical sciences. 
Such a trend points to disaster. With
out technological leadership industry 
can have no competitive edge. A labor 
force that lacks enough intellectual 
flexibility to shift from one product to 
another is fatally handicapped, given 
the high obsolescence rate and short 
lifetime of high-technology goods and 
services. 

No one segment of our country has 
a monopoly on the blame. Govern
ment, industry, educational institu
tions and labor organizations have all 
contributed to the loss of technologi-
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cal superiority. Yet regaining techno
logical leadership is not impossible. 
New poliCies and programs can be 
devised that build on America's spe
cial strengths. Let me illustrate with 
one example, that of technological 
entrepreneurship. 

America has been virtually unique in 
marrying risk capital to technological 
advance. Entrepreneurship is in our 
blood. Successful entrepreneurs be
come national heroes. We have thou
sands of venture-capital firms, a broad 
national network to tap money from 
large and small investors, insurance 
reserves, pension funds and bank 
trusts, a ubiquitous brokerage system 
for marketing the equities of small 
companies and a stock exchange for 
trading them. 

Neither japan nor Western Europe 
has anything comparable. japan, Inc.
the short name for japan's tight inte
grating of industry, government, bank
ing and labor to pursue chosen tech
nological objectives-supports their 
large corporations, not their entrepre
neurs. An innovator who leaves the 
"establishment" to start a new compa
ny is regarded as an eccentric, not a 
hero. ( Soichiro Honda told me he was 
pressured severely to stick to motor
cycles and stay away from automo
biles, which had been assigned to oth
er, larger companies!) 

The mature technological compa
nies of the U.S. will continue to employ 
the bulk of our engineers; the vigor of 
these enterprises is essential to our 
economy, many facets of which can be 
handled only by huge entities. Yet ev
ery strength of a big corporation is 
offset by a weakness. With bigness 
come caution, risk avoidance and la
borious procedures-in other words, 
bureaucracy, the mortal enemy of cre
ativity. Opportunities are missed and 
wide gaps are left. 

Note that during the first half of the 
century of electricity (which began in 
the 1880's) U.S. entrepreneurship cre
ated the world's most powerful elec
trical industry. Yet in the second half, 
now ending, the developed companies 
missed the computer, the greatest 
electrical advance of the age. Today's 
leading American computer compa
nies either did not yet exist or were 
not electrical when, halfway through 
the century, the computer surfaced as 
a product of unprecedented potential. 

The semiconductor device, the most 
significant invention since the wheel, 
replaced the vacuum tube. But not one 
of the top 10 vacuum-tube manufac
turers became a top-10 semiconduc
tor producer. New companies devel
oped the area; the existing giants all 

" . 

failed to grasp the opportunities. (I do 
not count the prebreakupAT&T, which 
as a regulated utility could produce 
semiconductors only for its own use.) 

Do the executives of typical large 
American corporations think entre
preneurially, as their founders did? 
Finding themselves with a major cash 
surplus, do present corporate leaders 
risk it on a long-range, speculative 
advanced-technology program that 
will lower short-term profits? More 
likely, to judge from recent behavior, 
they buy another company in an unre
lated field, such as financial servic
es. Several factors even make such be
havior rational: stock-price pressure, 
the size of the investment, the com
petitiveness of short-term alternatives 
and the uncertain fiscal and monetary 
environment. 

Both the entrepreneur and the fi
nancial backer need the right environ
ment: low real-interest rates, low cost 
of capital, low inflation, low taxes on 
long-term capital gains, and high sav
ings rates. No laws of economics need 
to be broken, no one's lifestyle needs 
to be crimped to realize these condi
tions. Both japan and Germany have 
achieved them all. 

Where will the ideas and entrepre
neurs come from? The universities 
could stimulate a great rise in techno
logical entrepreneurism. In the main, 
U.S. engineering schools teach only 
the underlying science and analytical 
tools. Yet real-world engineering in
volves much more. It includes design
ing products and systems that can be 
manufactured and implemented in a 
cost-effective way-products that ei
ther fill an old need better or create a 
strong new market, products that are 
globally competitive and can generate 
a proper return on invested capital. 
To become players in the technolog
ical entrepreneurship game, gradu
ates must emerge with their creativity 
and innovative powers turned on, en
dowed with entrepreneurial zeal, anx
ious to compete. Government and in
dustry will have to provide the strong
est support if the universities are to 
meet this challenge. 

The Bush Administration has shown 
indications of serious interest in the 
creation of an economic and politi
cal climate that would encourage high
technology entrepreneurism. Such an 
initiative should be among its high
est priorities. 

SIMON RAMO, a founder (he is the R) 
of TRW, Inc., is the author of The Busi
ness of SCience, recently published by 
Hill and Wang. 
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TOYOTA CRESSIDA 

THE KING OF LUXURY 
PERFORMANCE SEDANS 
AND THE PRIDE OF TOYOTA. 

Not only is Cressida all-new for 1989. it's more powerful than ever. Six 
cylinders. fuel injection. twenty-four valves and 190 horsepower are all part of 
an engine package that demands to be opened up. Complementing all of this 
power is the superb handling of Cressida's redesigned suspension. new 
styling and a luxurious interior. 

And. of course. there is the reassurance of knowing that Toyota Quality 
has made Cressida the most trouble-free new car sold in America 
for the past two years.* 

The 1989 Cressida. The pride of Toyota. And master of the asphalt jungle. 
A 36-month/36.000-mile basic new vehicle limited warranty 

with no deductible and no transfer fee applies to all compo
nents other than normal wear and maintenance items. 

Call1-800-GO.:rOYOTA for more information 
and the location of your nearest dealer. 
Get More From Life ... Buckle Up! 

TOYOTA QUALITY 
WHO COULD ASK FOR ANYTHING MORE! 
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Authentic. ; 
The Dewar Highlander III 
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